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INTRODUCTION 

Nuclear  receptors  represent  a  family  of  ligand-inducible  transcription  factors  that  control 
complex  events  during  development,  growth,  and  homeostasis  (1).  This  family  includes 
receptors  for  the  known  steroid  hormones,  thyroid  hormone,  and  vitamins  such  as  retinoic  acid 
and  vitamin  D,  as  well  as  'orphan'  receptors  whose  ligands  remain  unknown.  Since  their 
discovery  in  the  1980s,  the  nuclear  receptors  have  been  the  object  of  intense  research. 
Biochemical  characterization  has  defined  functional  domains  required  for  receptor  DNA-binding, 
dimerization,  ligand  binding,  and  transcriptional  activation  (2).  More  recent  work  has  uncovered 
coactivator  proteins  that  interact  with  several  members  of  the  family,  adding  another  layer  of 
complexity  to  the  regulation  of  receptor  activity.  Despite  these  advances,  the  central  question  of 
how  nuclear  receptor  ligands  activate  transcription  at  the  molecular  level  remains  unanswered. 

Work  in  our  lab  has  focused  on  understanding  the  molecular  mechanisms  that  determine 
estrogen  receptor  (ER)  action.  As  a  member  of  the  nuclear  receptor  family,  the  ER  mediates 
estrogenic  responses  in  target  tissues  including  the  brain,  mammary  gland,  and  tissues  of  the 
reproductive  tract.  Recently,  a  novel  ER  cDNA  was  cloned  from  rat  prostate  which  was  termed 
ERB  (3).  The  tissue  distribution  and  relative  ligand  binding  of  ERa  and  ERB  differ  (4)  which 
may  be  the  basis  for  the  selective  actions  of  estrogens  in  differing  tissues.  A  number  of  labs  are 
now  investigating  the  role  of  this  newly  discovered  ER. 

The  results  presented  here  represent  our  continued  characterization  of  the  process  by 
which  ERa  (subsequently  referred  to  here  as  ER)  is  transformed  from  an  inactive  state  in  the 
absence  of  ligand  to  an  activated  state.  Upon  binding  estradiol  (E2),  the  receptor  undergoes 
several  modifications  including  dimerization,  release  and  recruitment  of  associated  proteins,  and 
hyperphosphorylation.  The  carboxyterminal  ligand  binding  domain  (LBD)  of  ER,  which  has 
been  the  focus  of  our  studies,  integrates  several  critical  functions  including  nuclear  localization, 
ligand  recognition,  dimerization  and  transactivation.  Transcriptional  activation  is  mediated  by  at 
least  two  activation  domains  in  the  ER,  AF-1  in  the  N-terminus  and  AF-2  in  the  LBD.  Evidence 
suggests  that  the  activity  of  AF-1  is  modulated  by  growth  factors  acting  through  the  MAP  kinase 
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pathway  (5)  while  AF-2  activity  is  responsive  to  ligand  binding  (2,  6).  Crystal  structure  analyses 
of  the  ligand  binding  domains  of  retinoid  X  receptor  a  (RXRa)  (7),  retinoic  acid  receptor  y 
(RARy)  (8),  and  thyroid  homone  receptor  6  (TR6)  (9)  suggest  that  a  conformational  change 
results  from  ligand  binding,  which  allows  for  the  realignment  of  a  conserved  helical  region 
essential  for  AF-2  activity.  Because  point  mutations  that  have  no  effect  on  ligand  recognition  or 
DNA  binding,  but  abolish  transcriptional  activity,  have  been  mapped  to  this  putative  helix,  this 
region  has  been  predicted  to  serve  as  an  adapter  surface  for  interactions  with  other  molecules 
responsible  for  mediating  ER  activity. 

Transcriptional  stimulation  by  nuclear  receptors  involves  the  recruitment  or  stabilization 
of  the  basal  transcription  machinery  in  a  preinitiation  complex  (10).  The  ability  of  ER  to 
associate  with  members  of  the  basal  transcription  machinery,  specifically  TFIIB  (11).  and 
TAFn30  (12) ,  has  been  demonstrated  in  in  vitro  assays.  Importantly,  TFIIB  and  TAFn30  were 
able  to  stimulate  receptor-mediated  transcriptional  activation.  But  their  interaction  with  ER  was 
unaffected  by  mutations  in  the  receptor  which  abolish  transcriptional  activity  suggesting  that  the 
receptor  is  likely  to  interact  with  additional  coactivator  molecules.  Consistent  with  this  theory, 
several  biochemical  and  genetic  approaches  have  led  to  the  identification  of  potential  coactivator 
proteins  which  associate  in  a  ligand  dependent  manner  with  members  of  the  steroid  receptor 
family  (13).  RIP160  (14),  RIP140  (15)  and  p300  (16)  were  identified  by  in  vitro  GST-pulldown 
assays  using  the  ER  LBD  and  were  shown  to  interact  directly  with  the  LBD  by  far  western 
analysis  using  a  [32p]-GST-LBD  probe.  pl40  and  pl60  are  also  able  to  interact  with  RAR  and 
RXR  in  a  ligand-dependent  manner  suggesting  that  these  proteins  recognize  conserved  features 
in  the  LBD.  The  yeast  two-hybrid  and  expression  screening  of  bacteriophage  cDNA  libraries 
have  been  used  successfully  to  identify  a  number  of  cDNAs  that  encode  interacting  proteins 
including  RIP140  (17),  Sugl/Tripl  (18),  SRC-1/N-CoAl  (19),  TIF2/GRIP1  (20,  21),  and 
CBP/p300  (16,  22).  SRC-1,  TIF2,  CBP/p300  markedly  stimulate  ligand-dependent 
transcriptional  activation  by  several  nuclear  receptors  and  thus  can  be  considered  true  coactivator 
proteins.  AIBl,  a  member  of  the  SRC-1  coactivator  family,  was  recently  identified  in  a  search 
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for  genes  whose  expression  and  copy  number  were  elevated  in  human  breast  cancers  (23).  This 
altered  expression  may  contribute  to  development  of  steroid  dependent  cancers. 

We  have  been  interested  in  identifying  and  characterizing  novel  proteins  that  selectively 
associate  with  the  ER-LBD  in  the  presence  or  absence  of  estrogen  agonists  and  antagonists  and 
are  responsible  for  distinguishishing  between,  or  effecting,  agonistic  and  antagonistic  responses. 
The  differential  expression  of  such  coregulators  may  well  play  an  important  role  in  the  observed 
stimulatory  or  inhibitory  phenotypes  of  mixed  antagonists,  like  tamoxifen  and  raloxifene,  in  the 
mammary  gland,  bone,  uterus,  and  vasculature.  The  relative  expression  of  these  co-activators 
and  co-repressors  may  also  play  an  important  role  in  the  effect  of  mixed  antagonists  in  breast 
cancers  during  tumor  progression  to  a  more  aggressive  state.  We  have  used  bacterially  expressed 
GST-LBD  immobilized  on  glutathione  agarose  to  capture  proteins  from  mammalian  cell  extracts. 
As  demonstrated  previously,  one  protein  retained  by  GST-LBD  only  in  the  presence  of  agonists 
such  as  estradiol  (E2),  diethylstilbestrol  (DES)  and  estriol  (E3)  is  a  kinase  that  phosphorylates 
the  ER  in  a  ligand-dependent  manner.  The  partial  antagonist  4-hydroxytamoxifen  (OHT)  and  the 
pure  antagonist  ICI  182,780  (ICI)  were  unable  to  promote  phosphorylation  by  this  kinase. 
Although  tyrosine  phosphorylation  in  the  ER-LBD  has  been  reported  (24,  25),  phosphoamino 
acid  analysis  revealed  that  the  activity  observed  by  us  is  a  serine/theonine  kinase.  Serine  167  has 
previously  been  identified  by  amino  acid  sequencing  as  a  ligand-induced  phosphorylation  site  in 
human  ER  when  expressed  in  Sf9  cells  (26)  and  verified  in  MCF-7  cells.  Casein  kinase  II  was 
able  to  phosphorylate  this  site  when  added  to  purified  receptor  in  in  vitro  kinase  assays.  There 
have  been  no  reports  of  the  consequences  this  phosphorylation  may  have  on  ER  activity.  More 
recently,  phosphorylation  of  serine  118  by  MAP  kinase  has  been  shown  to  stimulate 
transcriptional  activation  through  AF-1  in  the  ER  (5).  Because  the  kinase  activity  we  have 
isolated  is  specific  for  the  AF-2  region  of  the  receptor  and  is  strongly  agonist-specific,  it  may  be 
important  for  regulating  the  transcriptional  activity  of  the  ER.  Regulation  of  transcription  factor 
function  by  phosphorylation  can  be  either  positive  or  negative  and  has  been  shown  to  modulate 
DNA-binding,  transcriptional  activation,  and/or  nuclear  transport  (27).  Our  recent  work  has 
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focused  on  the  additional  characterization  of  this  interesting  kinase.  We  have  mapped  the  site  of 
phosphorylation  to  serine  559  and  have  shown  that  serine  mutants  that  are  unable  to  undergo 
phosphorylation  are  still  able  to  bind  the  kinase  activity.  Most  interesting  are  results 
demonstrating  that  OHT  can  cause  selective  release  of  the  kinase  from  activated  receptor 
complexes  under  very  mild  conditions.  These  results  suggest  that  OHT  may  influence  ER  action 
by  directly  influencing  the  ability  of  associated  proteins  to  remain  bound  to  the  receptor. 

MATERIALS  AND  METHODS 


Culture  of  Mammalian  Cells 

HeLa,  CHO-kl,  and  CHO-ER  cells  were  cultured  in  Dulbecco's  Modified  Eagle 
Mediuni/F-12  nutrient  mixture  (DME/F-12  1:1  mixture,  without  phenol  red.  Sigma) 
supplemented  with  10%  calf  serum  (Hyclone),  44  mM  NaHCOs,  and  IX  antibiotics-antimycotic 
liquid  (penicillin,  streptomycin,  and  amphotericin,  GibcoBRL).  5  mg/L  insulin  was  also  added 
for  CHO-kl  and  CHO-ER  cells.  To  maintain  the  expression  and  selection  of  the  ER  gene,  50 
|iM  ZnS04  and  40  |xM  CdS04  were  included  in  CHO-ER  cultures  and  serum  was  charcoal 
stripped  to  remove  steroids.  Cells  were  grown  at  37  C  in  a  humidified,  5%  CO2  atmosphere. 

For  preparation  of  whole  cell  extracts,  sub  confluent  cells  were  released  from  tissue 
culture  vessels  with  a  non-enzymatic  cell  dissociation  solution  (Sigma).  The  cell  suspension  was 
collected,  pelleted  gently  at  1000  rpm  for  10  minutes,  and  washed  twice  with  phosphate  buffered 
saline  (PBS).  The  cell  pellet  was  resuspended  in  4  volumes  of  detergent  lysis  buffer  (50  mM 
Tris-HCl,  pH  7.4,  400  mM  NaCl,  2  mM  EDTA,  1  mM  DTT,  0.25%  NP-40)  containing  protease 
inhibitors  (leupeptin,  chymostatin,  pepstatin  A,  antipain,  aprotinin  and  PEFABLOC).  Cells  were 
incubated  for  20  minutes  at  d^C  to  complete  lysis  followed  by  brief  sonication  to  clear  lysates. 
The  cell  debri  was  pelleted  at  15,000  rpm  for  20  minutes  and  supernatants  were  frozen  in  the 
presence  of  5%  glycerol  and  stored  at  -70OC  until  use. 
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Labeling  of  HER  with  [^^pjorthophosphate 

CHO-ER  cells  were  grown  to  be  80%  confluent  in  complete  media.  The  media  was 
removed  and  replaced  with  phosphate-free  minimal  essential  media  containing  2%  charcoal- 
stripped  and  dialyzed  serum  (2,000  MWCO).  After  one  hour,  [32p]orthophosphate  (10  mCi/ml, 
Amersham)  was  added  so  that  the  final  concentration  was  0.5  mCi/ml  media.  After  4  hours,  cells 
were  stimulated  with  10  nM  17B-estradiol  or  ethanol  vehicle.  Cells  were  harvested  after  2 
additional  hours  and  lysed  using  phosphate  labeling  lysis  buffer  (20  mM  Tris-HCl,  pH  7.4,  400 
mM  NaCl,  2  mM  EDTA,  1  mm  dithiothreitol,  0.1%  NP-40,  10  mM  p-nitrophenyl  phosphate,  10 
mM  sodium  vanadate,  10  mM  sodium  pyrophosphate,  10  mM  6-glycerophosphate,  and  protease 
inhibitors). 

Cell  extracts  were  incubated  with  a  rat  monoclonal  antibody  to  ER  (H222)  for  1  hour  at  4 
C,  followed  by  immunoprecipitation  for  2  hours  with  rabbit-anti-rat  IgG  (Zymed)  and  Protein- A- 
Sepharose  (Pharmacia).  Immunoprecipitates  were  washed  5  times  in  washing  buffer  (20  mM 
sodium  phosphate,  400  mM  NaCl,  50  mM  NaF,  1  mM  dithiothreitol,  0.5  mM  EDTA,  0.05%  NP- 
40)  and  boiled  in  Laemmli  sample  buffer  for  10  minutes.  Eluted  samples  were  analyzed  by  SDS- 
PAGE  and  autoradiography. 

Production  of  GST-hER  Fusion  Proteins 

The  GST-LBD  vector  encoding  amino  acids  282-595  of  hER  fused  to  glutathione-S- 
transferase  was  transformed  into  the  BL21-pLys  strain  of  E.coli.  Overnight  cultures  were  diluted 
1:10  and  grown  at  room  temperature  in  selective  media  (LB,  50  pg/ml  ampicillin).  Cells  were 
induced  with  isopropyl-B-D-thiogalactoside  (0.1  mM)  at  an  absorbance  of  1.5  (at  600  nm).  After 
two  hours  of  induction,  bacteria  were  collected  by  centrifugation,  resuspended  in  four  volumes  of 
detergent  lysis  buffer  (50  mM  Tris-HCl,  pH  7.4,  150  mM  NaCl,  2  mM  EDTA,  2  mM  DTT,  0.5% 
NP-40)  containing  protease  inhibitors.  Extracts  were  cleared  by  sonication  followed  by 
centrifugation  at  10,000  rpm  for  20  minutes.  Expression  was  monitored  by  western  blotting  with 
a  rabbit  polyclonal  antibody  against  GST  and  an  anti-ER  monoclonal  antibody  (H222).  Receptor 
levels  were  determined  by  controlled-pore  glass  bead  (CPG)  assay. 
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Site  Directed  Mutagenesis 

The  residue  corresponding  to  serine  559  of  hER  was  mutated  to  alanine  in  GST-LBD 
using  the  QuikChange^M  Site-Directed  Mutagenesis  Kit  (Stratagene)  and  the  following 
mutagenic  primers  which  had  been  PAGE  purified:  5'-GCC  GTG  GAG  GGG  GAG  CCG  TGG 
AGG  AGA  CGG-3'  and  5'-CCG  TCT  CCT  CCA  CGG  CTG  CCC  CTC  CAC  GGC-3'.  Briefly, 
plasmid  DNA  was  denatured  and  oligonucleotide  primers  containing  the  desired  mutation  were 
annealed.  Pfu  DNA  polymerase  was  used  to  extend  and  incorporate  the  mutagenic  primers. 
Methylated,  non  mutated  parental  DNA  was  digested  with  Dpnl  restriction  enzyme  and  the 
resulting  DNA  was  used  to  transform  XL  1 -Blue  supercompetent  cells.  Mutations  were  verified 
hy  automated  DNA  sequencing  (University  of  Chicago  Cancer  Research  Center  DNA 
Sequencing  Facility). 

GST-Pulldown  and  In  vitro  Kinase  Assays 

Bacterial  extracts  of  GST-LBD  were  preincubated  with  or  without  1  )J,M  of  the 
appropriate  ligand  for  1  hour  at  4  C.  Affinity  columns  were  prepared  by  immobilizing  GST- 
LBD  on  glutathione-Sepharose-4B  (Pharmacia).  Columns  were  washed  5  times  with  washing 
buffer  containing  20  mM  HEPES,  pH  7.4,  1.0  M  NaCl,  2.5  mM  MgCl2,  0.05%  NP-40. 
Mammalian  cell  extracts  were  diluted  so  that  the  final  composition  of  the  buffer  was  20  mM 
Tris-HCl,  pH  7.4,  75  mM  NaCl,  10  mM  MgCl2,  0.5  mM  DTT,  20  mM  B-glycerophosphate,  and 
0.1  mM  Na3V04.  Diluted  extracts  were  mixed  with  prepared  affinity  columns  and  incubated  for 
3  hours  at  4  C.  Nonspecific  proteins  were  removed  by  washing  with  buffer  containing  20  mM 
HEPES,  pH  7.4, 400  mM  NaCl,  2.5  mM  MgCl2, 0.1  mM  EDTA,  and  0.05%  NP-40. 

For  in  vitro  kinase  assays,  the  pelleted  sepharose  beads  were  resuspended  in  kinase  buffer 
(50  mM  HEPES,  pH  7.6,  150  mM  NaCl,  12  mM  MgCl2,  2  mM  MnCl2,  10  |J,M  Na3V04,  0.5 
mM  DTT,  20  mM  B-glycerophosphate)  containing  5  p,M  cold  ATP  and  1  |iCi  y[32P]ATP/5  pi 
kinase  buffer  (3000  Ci/mmol,  Amersham).  After  20  minutes  at  30  C,  the  reaction  was  terminated 
by  repeated  washes  in  column  washing  buffer  as  before.  Proteins  were  eluted  by  incubation  at 
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95  C  in  Laemmli  sample  buffer,  resolved  by  SDS-PAGE,  and  visualized  by  Coomassie  staining. 
GST-LBD  phosphorylation  was  analyzed  by  autoradiography  of  dried  gels. 

Tryptic  Digestion  and  Peptide  Analysis 

Phosphorylated  proteins  were  cleaved  on  nitrocellulose  membranes  according  to  the 
method  of  Luo  et  al.  (28).  After  elution  from  columns,  [32p]-labeled  hER  or  GST-LBD  were 
analyzed  by  SDS-PAGE  and  transferred  to  nitrocellulose.  Blots  were  exposed  to  film  and  the 
bands  of  interest  were  excised,  Cerenkov  counted,  and  washed  3  times  in  dH20.  Membrane 
pieces  were  incubated  in  0.5%  PVP-360/100  mM  acetic  acid  (polyvinylpyrrolidone,  Mr  360,000, 
Sigma)  for  30  minutes  at  37  C.  The  membrane  was  then  washed  5  times  with  dH20  followed  by 
two  washes  in  50  mM  NH4HCO3,  pH  8.5.  Proteins  were  digested  overnight  at  37  C  with  5  |ig 
sequencing  grade  trypsin  (Boehringer  Mannheim)  dissolved  in  50  mM  NH4HCO3,  pH  8.5.  300 
|xl  dH20  was  added,  samples  were  spun  for  5  minutes  in  a  microcentrifuge,  and  the  supernatant 
was  transferred  to  a  fresh  tube.  Approximately  80%  of  the  radioactivity  was  consistently 
recovered  in  supernatants.  Following  lyophylization,  peptides  were  oxidized  in  50  pi  performic 
acid,  diluted  with  1  ml  dH20,  and  lyophylized. 

Tryptic  peptides  were  separated  by  RP-HPLC  using  a  Beckman  HPLC  system.  Samples 
were  dissolved  in  3  M  acetic  acid  and  applied  to  a  Cl 8  column  (Microsorb-MV;  4.6  x  250  mm; 
100  A;  Rainin).  Peptides  were  separated  at  a  flow  rate  of  1  ml/min  with  a  3-45% 
acetonitrile/0. 1%  TEA  gradient  over  42  minutes  followed  by  a  steep  45-80%  acetonitrile/0. 1% 
TEA  gradient  over  5  minutes.  Fractions  were  collected  and  Cerenkov  counted  to  determine  the 
elution  point  of  phosphorylated  peptides. 

For  two  dimensional  tryptic  peptide  mapping,  samples  from  tryptic  digests  were 
dissolved  in  10  pi  pH  1.9  electrophoresis  buffer  (formic  acid  (88%):  acetic  acid:  dH20, 
25:78:897)  and  spotted  on  cellulose  coated  glass  plates  (20  x  20  cm,  0.1  mm,  Merck).  Peptides 
were  separated  in  the  first  dimension  by  electrophoresis  in  pH  1.9  buffer  at  1.5  kV  for  30 
minutes.  Plates  were  dried  for  1  hour  and  subjected  to  thin  layer  chromatography  in  the  second 
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dimension  (n-butanol:  pyridine:  acetic  acid:  dH20,  375:250:75:300).  Plates  were  dried  and 
exposed  to  film. 

To  prepare  for  manual  sequencing  or  HPLC,  phosphorylated  peptides  of  interest  were 
extracted  from  thin  layer  cellulose  plates  (29).  After  careful  scraping  of  plates,  peptides  were 
eluted  from  cellulose  by  two  sequential  washes  with  100  |il  pH  1.9  buffer,  followed  by  one  wash 
with  dH20.  The  efficiency  of  elution  was  monitored  by  Cerenkov  counting  and  repeated 
elutions  were  done  until  a  >50%  recovery  was  achieved 
Immobilization  of  Peptides  and  Manual  Sequencing 

The  method  of  Sullivan  and  Wong  (30)  was  used  for  microsequence  analysis  of 
radiolabeled  phosphopeptides  for  the  purpose  of  determining  the  location  of  phophorylated 
amino  acids.  RP-HPLC  fractions  which  contained  radioactivity  were  pooled,  lyophylized,  and 
redissolved  in  30%  acetonitrile.  Samples  were  spotted  on  arylamine-Sequelon  discs  (Millipore) 
which  had  previously  been  placed  on  a  Mylar  sheet  on  top  of  a  heating  block  set  at  50  C.  The 
aqueous  solvent  was  allowed  to  evaporate  over  5  minutes  and  the  disc  was  removed  from  the 
heating  block.  Covalent  linkage  was  accomplished  using  the  supplied  kit  reagents.  1  mg  of  1- 
ethyl-3-(dimethylaminepropyl)carbodiimide  (EDAC),  dissolved  in  coupling  buffer,  was  added 
and  the  disc  was  incubated  for  30  minutes  at  room  temperature.  The  disc  was  then  washed 
extensively  in  water  and  extracted  five  times  with  TFA  to  remove  unbound  peptides.  Three 
methanol  extractions  were  performed,  followed  by  cycles  of  manual  Edman  degradation. 

Each  cycle  of  Edman  degradation  consisted  of  the  following:  (i)  Add  0.5  ml  of  coupling 
reagent  (methanol:water:triethylamine:phenylisothiocyanate  (PITC);  7: 1:1:1,  v/v)  and  incubate  at 
50  C  for  10  minutes,  (ii)  Remove  the  reagent  and  wash  the  disc  five  times  with  1  ml  methanol, 
(iii)  Dry  the  disc  in  vacuuo  for  5  minutes,  (iv)  Add  0.5  ml  TFA  and  incubate  at  50  C  for  6 
minutes,  (v)  Save  the  TFA  wash  and  extract  the  disc  with  1  ml  of  a  mixture  of  TFA  and  42.5% 
phosphoric  acid  (9:1,  v/v).  (vi)  Combine  the  two  washes  and  measure  the  amount  of 
radioactivity  released  and  remaining  on  the  disc  by  Cerenkov  counting,  (viii)  Wash  the  disc  six 
times  with  1  ml  methanol. 
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CK2  Western  Blotting 

Partially  purified  cell  extracts  were  separated  by  SDS-PAGE  and  transferred  to 
nitrocellulose  for  western  blotting.  Membranes  were  incubated  in  blocking  buffer  (3%  dry 
milk/TBS/0.2%  Tween-20)  for  1  hour  at  room  temperature.  Blots  were  then  incubated  with 
l|Xg/ml  of  anti-Human  Casein  Kinase  2  antibody  (Upstate  Biotechnology)  diluted  in  a  1%  dry 
milk/TBS/0.2%  Tween-20  solution  for  1  hour,  followed  by  four  5  minute  washes  in  TBS/0.2% 
Tween-20.  Membranes  were  incubated  in  a  1:20,000  dilution  of  goat  anti-rabbit  IgG  linked  to 
horseradish  peroxidase  (Santa  Cruz  Biotechnology)  for  1  hour,  followed  by  washing  in 
TBS/0.2%  Tween-20.  Blots  were  visualized  using  the  Pierce  SuperSignal  Chemiluminescent 
Substrate  system 
Purification  of  Kinase  Activity 

0-30%  sucrose  gradients  were  prepared  (25  mM  Tris-HCl,  pH  7.4,  400  mM  NaCl,  1  mM 
EDTA,  2  mM  DTT,  1  mM  NaNs).  Cell  extracts  were  applied  to  the  top  of  prepared  centrifuge 
tubes  and  then  fractionated  for  15  hr  at  50,000  rpm  in  a  Beckman  L8-70  ultracentrifuge. 
Gradient  fractions  were  collected  sequentially  through  the  bottom  of  each  tube.  Fractions  were 
analyzed  for  kinase  activity  by  GST-LBD  in  vitro  kinase  assays. 

Fractions  containing  kinase  activity  were  further  purified  by  ion  exchange 
chromatography  using  the  Pharmacia  LCC  FPLC  system  equipped  with  a  HiTrapQ  (Pharmacia) 
anion  exchange  column.  Samples  were  applied  in  low  salt  buffer  (50  mM  HEPES,  pH  7.4,  50 
mM  NaCl,  2.5  mM  MgCl2,  0.1  mM  EDTA,  0.05%  NP-40,  0.5  mM  DTT)  and  washed  for  10 
minutes  with  a  flow  rate  of  1  ml/min.  A  linear  salt  gradient  from  50  mM  to  1.0  M  NaCl  was 
applied  for  20  minutes  and  then  the  column  was  washed  for  10  minutes  in  1.0  M  NaCl.  Samples 
containing  the  kinase  activity,  as  assessed  by  in  vitro  kinase  assays,  were  pooled. 

Fractions  were  pre-cleared  on  GST-LBD  columns  in  the  absence  of  estradiol. 
Supernatants  were  reapplied  to  colunns  containing  GST-LBD  in  the  presence  of  estradiol.  After 
extensive  washing  in  buffer  containing  20  mM  Tris-HCl,  pH  7.4,  1.5  M  NaCl,  2.5  mM  MgC12, 
0.05%  NP-40,  kinase  activity  was  eluted  by  exchange  of  OHT  for  E2  for  30  minutes  at  room 


13 


Geoffrey  L.  Greene,  Ph.D. 


temperature  in  exchange  buffer  (50  mM  Tris-HCl,  100  mM  NaCl,  10  mM  MgCl2,  0.1  mM 
EDTA,  1  mM  DTT,  0.05%  NP-40).  Purification  was  analyzed  by  SDS-PAGE  followed  by  silver 
staining. 


RESULTS  AND  DISCUSSION 

As  part  of  our  ongoing  effort  to  isolate  regulatory  proteins  that  interact  with  ER,  we  have 
used  the  ligand  binding  domain  of  human  ER,  fused  to  glutathione-S-transferase  (GST-LBD),  to 
adsorb  proteins  from  mammalian  cell  extracts  whose  association  with  ER  is  dependent  upon  the 
liganded  state  of  the  receptor.  This  technique  was  successfully  used  to  identify  pl40  (RIP140), 
pi 60  (SRC-1,  TIF2,  GRIPl)  and  p300  as  ER-interacting  proteins  (14-16,  20,  21),  We  have 
identified  several  candidate  proteins  that  recognize  the  transcriptionally  active  form  of  ER.  In 
the  course  of  preliminary  studies,  in  vitro  kinase  assays  indicated  that  at  least  one  of  these 
proteins,  which  binds  to  GST-LBD  only  in  the  presence  of  estrogen  agonists,  is  a  kinase  that  can 
phosphorylate  the  LBD  in  a  ligand-dependent  manner.  Phosphoamino  acid  analysis  and  manual 
Edman  degradation  analysis  of  tryptic  peptides  derived  from  the  phosphorylated  LBD  suggested 
that  serine  559  is  the  site  of  phosphorylation.  Partial  purification  by  sucrose  density 
centrifugation  indicated  that  the  kinase  activity  represents  a  protein  or  a  complex  of  proteins 
>200  kDa,  which  are  present  in  both  ER-positive  and  ER-negative  cell  lines.  The  results 
discussed  here  represent  the  continued  characterization  of  this  phosphorylation  as  well  as  our 
progress  toward  identification  of  the  kinase  involved. 

Serine  559  is  the  site  of  phosphorylation. 

We  have  previously  described  the  HPLC  purification  and  manual  Edman  degradation  of 
phosphorylated  peptides  from  GST-LBD.  This  work  suggested  that  serine  559  of  hER  was 
phosphorylated  in  our  in  vitro  assay  system.  Figure  1  indicates  this  site  is  unique  to  the  human 
form  of  the  receptor.  To  verify  that  this  site  was  indeed  identified  correctly,  site  directed 
mutagenesis  was  performed.  Serine  559  was  mutated  to  alanine  in  GST-LBD  using  a  PCR-based 
mutagenesis  protocol.  DNA  sequence  analysis  verified  successful  mutagenesis.  This  mutant 
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was  then  expressed  in  E.coli  as  before  and  used  as  a  substrate  in  in  vitro  kinase  assays.  Partially 
purified  kinase  fraetions  were  unable  to  stimulate  phosphorylation  of  the  serine  to  alanine  mutant 
(figure  2,  lane  4),  confirming  the  identification  of  serine  559  as  the  site  of  phosphorylation. 

Given  that  most  important  regulatory  phosphorylation  sites  are  evolutionarily  conserved 
in  other  phosphoproteins,  and  that  serine  559  is  not  conserved  in  the  ER,  it  was  necessary  to 
investigate  phosphorylation  patterns  of  the  full  length  ER  in  a  cellular  context.  To  this  end,  CHO 
cells  that  stably  express  the  full  length  human  ER  (31)  were  metabolically  labeled  with 
[3  2p]  orthophosphate  in  the  presence  and  absence  of  E2.  Cells  were  starved  of  phosphate  for  1 
hour  followed  by  preincubation  with  [32p] orthophosphate  for  4  hours  to  equilibrate  phosphate 
sources.  E2  treatment  proceeded  for  2  hours  and  cells  were  harvested.  Analysis  of  the 
immunoprecipitated  ER  shows  strong  hormone  dependent  phosphorylation  (figure  3).  As 
previously  discussed,  hormone  dependent  phosphorylation  has  been  reported  for  the  ER.  In 
order  to  compare  the  in  situ  and  in  vitro  phosphorylation  results,  phosphorylated  ER  and  GST- 
LBD  were  digested  with  trypsin  and  peptides  were  resolved  by  2-dimensional  phosphotryptic 
peptide  mapping.  Figure  4  demonstrates  the  results  of  autoradiography  of  thin  layer  cellulose 
plates.  As  expected,  GST-LBD  shows  one  phosphopeptide.  This  peptide  was  re-extracted  from 
the  plate  and  subjected  to  RP-HPLC  analysis  and  manual  Edman  degradation.  These  results 
matched  previous  profiles  obtained  for  the  phosphorylated  GST-LBD  (data  not  shown).  Full 
length  hER  shows  a  much  more  complicated  pattern  of  phosphorylation,  which  is  expected  due 
to  the  multiple  sites  of  phosphorylation  that  have  been  reported  for  ER.  One  peptide  appeared  to 
coincide  with  the  GST-LBD  phosphopeptide  and  was  chosen  for  further  analysis.  However,  due 
to  low  recovery,  we  were  unable  to  perform  manual  Edman  degradation  to  locate  the  position  of 
phosphorylation  within  the  peptide.  The  RP-HPLC  analysis  is  shown  in  figure  5.  Both  peptides 
eluted  under  similar  conditions,  although  the  patterns  are  not  identical.  Whether  this  difference 
can  be  accounted  for  by  another  posttranslation  modification  of  the  peptide  derived  from  CHO- 
ER  cells  remains  to  be  determined.  We  are  presently  increasing  the  scale  of  this  experiment  with 
several  modifications  that  promote  a  more  complete  tryptic  digestion  and  better  recovery  of 
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peptides  from  nitrocellulose  membranes  (28).  The  modified  procedure  will  allow  us  to  generate 
enough  phosphopeptide  for  the  additional  biochemical  analyses  required  to  unambiguously 
identify  hormone  dependent  phosphorylation  sites  in  the  full  length  receptor  derived  from  CHO- 
ER  cells.  The  recent  availability  of  electrospray  tandom  mass  spectrometry  (MS/MS)  facilities  at 
the  University  of  Chicago  will  further  aid  in  the  characterization  of  our  tryptic  peptides, 
especially  those  recovered  in  trace  quantities. 

The  kinase  is  recruited  to  the  ER  at  a  site  distinct  from  the  phosphorylation  site. 

To  determine  which  regions  of  the  ER  are  important  for  recruitment  of  the  kinase 
activity,  we  investigated  the  ability  of  short  synthetic  peptides,  which  corresponded  to  regions  of 
the  LED,  to  inhibit  kinase  activity.  A  series  of  peptides  encompassing  amino  acids  447-565  of 
tiER  were  tested  in  in  vitro  kinase/competition  assays.  In  each  case,  a  100-  and  1000-fold  molar 
excess  of  peptide  over  LED  was  tested.  Of  the  nine  peptides  tested,  only  one  was  able  to  inhibit 
kinase  activity.  This  peptide  corresponds  to  amino  acids  500-520  of  hER 
(QHQRLAQLLLILSHIRHMSNK).  A  dose/response  analysis  indicated  that  a  large  excess  of 
peptide  was  required  for  inhibition  (figure  6),  most  likely  due  to  the  low  solubility  of  this  peptide 
at  physiological  pH.  Amino  acids  500-520  in  hER  are  highly  conserved  and  predicted  to  form  an 
amphipathic  a-helix.  This  helix  is  proposed  to  be  important  for  receptor  dimerization  (32,  33) 
and,  interestingly,  mutants  in  this  region  of  the  receptor  have  been  shown  to  be  transcriptionally 
defective  (34).  To  further  investigate  the  mode  of  inhibition  of  kinase  activity,  the  competition 
experiment  was  repeated  with  two  different  incubation  conditions.  Peptide  was  preincubated 
with  either  the  immobilized  GST-LED  or  with  partially  purified  kinase  activity.  Unbound 
peptide  was  removed  by  washing  the  immobilized  GST-LED  or  by  size  exclusion 
chromatography,  respectively.  If  the  peptide  was  inhibiting  activity  by  binding  directly  to  the 
LED,  possibly  affecting  the  receptor's  ability  to  dimerize,  the  activity  should  also  be  inhibited 
when  the  peptide  is  preincubated  with  the  GST-LED.  What  we  observed  was  inhibition  only 
when  the  peptide  was  preincubated  with  the  extracts  that  contained  kinase  activity  (figure  6, 
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lanes  9&10).  This  result  indicates  that  the  peptide  may  be  mimicking  the  recognition  surface  for 
the  kinase  on  the  ER  and  thus  it  blocks  activity  by  direct  competition  for  this  binding  site. 

We  therefore  propose  that  the  kinase  is  recruited  to  the  activated  ER  through  a  region  that 
is  distinct  from  the  site  that  is  phosphorylated.  This  model  is  further  supported  by  experiments 
with  an  hER  LED  truncation  mutant  that  contains  amino  acids  297-555  and  lacks  serine  559. 
Pulldown  and  in  vitro  kinase  assays  showed  no  phosphorylation  of  this  construct  (figure  7). 
Interestingly,  when  the  flowthrough  fraction  (unretained  proteins)  from  hER(297-555)  affinity 
columns  was  examined,  we  observed  that  the  kinase  activity  was  depleted  from  cell  extracts  in 
the  presence  of  E2  (figure  7).  Furthermore,  the  depleted  kinase  activity  could  be  recovered. 
hER(297-555)  affinity  columns  were  first  incubated  with  partially  purified  kinase  and  then 
washed  in  the  presence  of  high  salt  to  remove  nonspecifically  bound  proteins.  500  mM  NaSCN 
was  used  to  elute  retained  proteins.  After  dialysis  to  remove  NaSCN  from  eluted  samples,  kinase 
activity  could  be  reconstituted  on  GST-LBD  columns  (figure  7).  Therefore,  although  serine  559 
is  necessary  for  phosphorylation,  amino  acids  500-520  appear  to  be  involved  in  recruitment  of 
the  kinase  to  ligand-activated  ER. 

The  kinase  has  casein  kinase  2-like  activity,  but  is  not  CK2. 

Sequence  motif  analysis  of  the  serine  559  phosphorylation  site  revealed  that  it  is  a 
consensus  casein  kinase  2  (CK2)  phosphorylation  site.  CK2  is  a  ubiquitous  serine/threonine 
kinase  present  in  the  nucleus  and  cytoplasm  of  all  eukaryotic  cells  studied  to  date  (35).  More 
than  100  protein  substrates  for  CK2  are  known,  many  of  which  are  involved  in  cell  cycle  control 
and  signal  transduction,  making  the  enzyme  an  interesting  candidate  for  study.  The  Notides  lab 
has  reported  that  CK2  is  responsible  for  hormone  dependent  phosphorylation  of  serine  167  in 
hER.  They  also  demonstrated  CK2  phosphorylation  of  hER  in  vitro  (26). 

To  determine  if  CK2  was  indeed  responsible  for  the  hormone  dependent  phosphorylation 
of  GST-LBD  in  our  studies,  we  performed  western  blots  with  an  anti-CK2  polyclonal  antibody 
that  recognizes  the  alpha  (44  kDa)  and  alpha'  (40  kDa)  subunits  of  CK2  (Upstate  Biotechnology). 
Fractions  representing  partially  purified  kinase  activity  from  HeLa  cells  were  separated  by  SDS- 
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PAGE  and  eleetroblotted  onto  nitroeellulose  membranes.  The  results  shown  in  figure  8  indicate 
that  CK2  is  not  contained  in  our  purified  kinase  extracts  .  Furthermore,  we  were  able  to  detect 
CK2  in  fractions  7-9  from  sucrose  density  gradients  of  HeLa  cell  extracts  (figure  8).  The  CK2 
protein  co-sedimented  with  an  IgG  standard  (-150  kDa)  used  as  a  molecular  weight  marker  in 
our  sucrose  density  gradient  system,  consistent  with  the  molecular  weight  of  the  active  CK2 
heterotetramer  (130  kDa).  Therefore,  the  kinase  responsible  for  agonist-dependent 
phosphorylation  of  GST-LBD  is  not  CK2. 

The  previously  published  studies  which  suggest  that  CK2  is  responsible  for  the  strong 
ligand-dependent  phosphorylation  seen  for  hER,  are  mostly  correlative  (36).  The  fact  that  serine 
559  (SVEE)  and  serine  167  (STND)  have  similar  consensus  sequences  raises  the  interesting 
possibility  that  the  kinase  activity  we  have  followed  is  in  fact  responsible  for  the  phosphorylation 
of  serine  167,  which  is  reported  to  be  the  major  site  of  hormone-dependent  phosphorylation  in 
hER.  It  follows  that  the  kinase  would  be  recruited  to  hER  as  a  consequence  of  the 
conformational  change  induced  in  the  ligand  binding  domain  by  E2.  Once  bound,  the  kinase 
could  then  phosphorylate  serine  167.  Because  our  fusion  protein  lacks  this  site,  the  kinase  is  able 
to  phosphorylate  serine  559  strongly.  We  are  currently  testing  this  hypothesis  using  full  length 
hER  and  our  purified  kinase  extracts  in  in  vitro  kinase  assays. 

4-hydroxytamoxifen  causes  the  release  of  the  kinase  activity. 

The  triphenylethylene  antiestrogen  4-hydroxytamoxifen  (OHT)  is  a  leading  therapeutic 
agent  in  the  treatment  of  estrogen-dependent  primary  breast  tumors.  Chimeric  receptor  assays 
indicate  that  OHT  potency  is  established  by  inhibition  of  AF-2  activity  in  hER.  OHT  does  not 
appear  to  inhibit  ER  binding  to  estrogen  response  elements  (EREs)  (32).  These  studies  suggest 
that  the  inhibitory  effects  of  OHT  may  be  a  result  of  the  inability  of  the  antagonist  to  elicit  a 
necessary  structural  change  in  the  ER,  thereby  rendering  AF-2  inactive.  Consistent  with  this 
model,  several  known  coactivators  of  ER  action  (pl40,  pi 60)  are  unable  to  associate  with  the 
OHT-bound  receptor  in  vitro  (14,  15). 
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We  have  demonstrated  that  the  Ser  559  kinase  activity  is  unable  to  associate  with  GST- 
LBD  in  the  presence  of  OHT  (data  not  shown).  We  were  therefore  interested  in  determining  if 
OHT  may  be  able  to  cause  the  release  of  the  kinase  from  preassembled  GST-LBD  complexes. 
Affinity  columns  were  prepared  and  partially  purified  kinase  activity  from  HeLa  whole  cell 
extracts  was  incubated  with  immobilized  GST-LBD  in  the  presence  of  E2.  Nonspecifically 
bound  proteins  were  removed  by  washing  with  high  salt.  Columns  were  equilibrated  at  room 
temperature  to  facilitate  ligand  exchange  and  incubated  with  increasing  amounts  of  OHT  under 
mild  conditions.  After  30  minutes,  eluted  samples  were  collected.  Columns  were  washed  and 
re-equilibrated  in  kinase  buffer.  In  vitro  kinase  assays  were  used  to  analyze  kinase  activity 
which  remained  bound  to  GST-LBD.  Autoradiography  of  the  SDS  gel  indicates  that  incubation 
with  increasing  amounts  of  OHT  reduced  the  retained  kinase  activity  (figure  9).  Next,  we 
analyzed  the  eluted  samples  for  kinase  activity  after  charcoal  treatment  to  remove  OHT.  These 
samples,  when  reapplied  to  GST-LBD  in  the  presence  of  E2,  were  able  to  phosphorylate  the 
receptor,  (figure  9)  verifying  that  OHT  was  able  to  promote  the  release  of  the  kinase  from  ER  by 
ligand  exchange.  To  our  knowledge,  this  is  the  first  demonstration  of  the  specific  release  of  a 
receptor-associated  protein  by  an  antagonist.  Therefore,  the  identification  of  the  kinase  becomes 
even  more  significant  since  it  may  allow  us  to  better  understand  the  molecular  mechanisms 
involved  in  antagonist  action. 

The  kinase  is  part  of  a  stoichiometric  complex  of  5  proteins. 

The  ability  of  OHT  to  release  the  kinase  gives  us  a  tool  for  specific  elution  of  the  protein 
from  affinity  columns.  This,  along  with  the  successful  use  of  sucrose  density  gradients  and  ion 
exchange  chromatography,  has  allowed  purification  of  the  kinase  activity  (schematic,  figure  10). 
Briefly,  HeLa  whole  cell  extracts  were  fractionated  on  a  10-30%  sucrose  density  gradient  by 
ultracentrifugation  for  15  hours.  Fractions  were  assayed  for  aetivity  by  in  vitro  kinase  assays  and 
those  containing  activity  were  pooled.  The  activity  consistently  eluted  in  fractions  #2-4, 
representing  a  large  molecular  weight  protein  or  complex  of  proteins.  The  salt  concentration  was 
adjusted  to  50  mM  NaCl  and  samples  were  applied  to  an  anion  exchange  FPLC  column 
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(monoQ).  Proteins  were  eluted  with  a  linear  salt  gradient  of  50  mM  to  1.0  M  NaCl.  Fractions 
were  again  assayed  for  kinase  activity  and  samples  containing  activity  were  applied  to  GST-LBD 
affinity  columns  in  the  absence  of  E2.  This  step  allowed  preclearance  of  ER-associated  proteins 
that  are  ligand-independent.  The  flowthrough  was  applied  to  a  GST-LBD  affinity  column  in  the 
presence  of  E2  to  adsorb  the  kinase  activity.  Columns  were  washed  stringently  in  buffer 
containing  up  to  250  mM  NaSCN  or  1.5  M  NaCl  without  loss  of  kinase  activity  (data  not 
shown).  The  specific  release  of  the  kinase  activity  was  achieved  using  a  10-fold  molar  excess  of 
OHT  (versus  GST-LBD-E2). 

Eluted  proteins  were  analyzed  by  SDS-PAGE  followed  by  silver  staining.  Figure  11 
illustrates  the  elution  profiles  from  affinity  columns.  Lane  6  shows  five  proteins  (arrows)  that 
bound  to  GST-LBD  only  in  the  presence  of  E2,  were  released  with  OHT,  and  appear  to  be 
stoichiometric.  Some  GST-LBD  is  also  found  in  the  eluted  material  (asterisks)  and  is  presumed 
to  be  the  result  of  kinetic  exchange  during  the  OHT  elution  at  room  temperature. 

Current  research  is  focused  on  the  identification  of  the  five  associated  proteins  shown  in 
Figure  11.  We  propose  that  these  proteins  form  a  complex  that  is  able  to  recognize  only  the 
agonist-activated  ER.  One  protein  contained  in  this  complex  is  a  kinase  capable  of 
phosphorylating  the  ER.  It  is  likely  the  kinase  is  recruited  to  the  ER  through  another  member  of 
the  protein  complex  since  binding  of  the  kinase  does  not  require  its  phosphorylation  recognition 
sequence.  We  have  also  demonstrated  that  amino  acids  500-520  are  important  for  this 
recruitment.  Whether  more  than  one  protein  in  the  complex  is  making  direct  contact  with  the 
LBD  is  unknown.  Crosslinking  studies  are  planned  to  address  which  protein  or  proteins  are 
nucleating  the  complex  on  ER.  Far  western  analysis  of  affinity  purified,  separated  proteins  has 
failed,  suggesting  that  the  intact  complex  is  required  for  receptor  recognition. 

The  agonist-specific,  ER-associated  proteins  observed  in  figure  11  do  not  appear  to 
represent  any  of  the  known  receptor-associated  proteins  previously  described  in  the  literature. 
The  ability  of  these  proteins  to  recognize  only  the  activated  receptor  makes  them  candidate 
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regulatory  proteins.  We  are  currently  undertaking  a  large  scale  purification  from  HeLa  cells  in 
order  to  obtain  proteins  levels  necessary  for  microsequence  analysis. 
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FIGURE  LEGENDS 

Figure  1.  Sequence  alignment  of  serine  559  phosphorylation  site.  Edman  degradation 
indieated  serine  559  (underlined)  of  hER  is  the  putative  site  of  hormone  dependent 
phosphorylation.  This  region  of  the  receptor  shows  weak  homology  among  the  known  ER 
sequences  shown. 

Figure  2.  In  vitro  kinase  analysis  of  S559A  mutant  shows  loss  of  hormone-dependent 
phosphorylation.  Serine  559  of  hER  was  mutated  to  alanine  in  GST-LBD  and  expressed  in 
E.coli.  In  vitro  kinase  assays  were  performed  with  wild  type  (WT)  and  the  mutant  (S559A). 
Lane  3  shows  phosphorylation  of  the  WT  in  the  presence  of  estradiol  (E2).  No  phosphorylation 
is  seen  with  the  S559A  mutant  in  lane  4. 

Figure  3.  Estradiol  stimulates  phosphorylation  of  hER  in  CHO-ER  cells.  CHO-ER  cells 
were  metabolically  labeled  with  [32p]-orthophosphate.  Cells  were  stimulated  with  10  nM 
estradiol  (E2)  or  ethanol  vehicle  (— ).  hER  was  immunoprecipitated  from  cell  lysates  and 
subjected  to  SDS-PAGE  on  a  10%  polyacrylamide  gel  followed  by  blotting  to  nitrocellulose 
membranes.  Autoradiography  of  membranes  shows  strong  stimulation  of  phosphorylation  for 
hER  in  the  presence  of  E2  (arrow). 

Figure  4.  Phosphotryptic  peptide  mapping  of  in  vitro  and  in  situ  phophosphorylated  ER. 

GST-LBD  and  hER  bands  were  excised  from  nitrocellulose  membranes  and  subjected  to  tryptic 
digestion.  Eluted  peptides  were  separated  in  two  dimensions  on  thin  layer  cellulose  (see  text). 
Comparison  of  autoradiographs  for  phosphorylated  GST-LBD  and  hER  show  overlapping 
phosphopeptides  (arrows). 

Figure  5.  RP-HPLC  analysis  of  phosphopeptides  show  similarity  hut  not  identity. 

Overlapping  peptides  were  extracted  from  thin  layer  cellulose  plates  and  applied  to  a  CIS 
column.  Peptides  were  eluted  by  RP-HPLC  using  a  3-45%  acetonitrile  gradient  over  42  minutes. 
Fractions  were  monitored  by  Cerenkov  counting.  A)  In  vitro  and  in  situ  peptides  elute  at  similar 
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gradient  positions.  B)  The  two  peaks  from  (A)  were  pooled,  lyophylized,  and  reapplied  to  the 
C18  column.  Cerenkov  counting  of  elutions  indicates  the  peptides  are  not  identical. 

Figure  6.  Amino  acids  500-520  of  HER  are  involved  in  kinase  binding.  Increasing  amounts 
of  the  peptide  encompassing  amino  acids  500-520  of  tiER  were  added  simultaneously  with 
kinase  extracts  and  the  ability  of  the  peptide  to  block  kinase  activity  was  analyzed  by  in  vitro 
kinase  assays  (lanes  1—8).  Quantitation  of  phosphorylated  receptor  bands  (AMBIS)  is  shown 
below  indicating  that  the  peptide  is  able  to  block  kinase  activity  when  present  in  a  large 
stoichiometric  excess.  When  peptide  is  preincubated  with  the  kinase  extract  (see  text  for  details), 
it  is  able  to  block  activity  (lane  9).  When  preincubated  with  immobilized  LBD,  the  peptide  does 
not  block  kinase  activity  (lane  10). 

Figure  7.  Serine  559  is  not  required  for  recruitment  of  the  kinase  to  the  receptor. 

hER(297-555)  affinity  columns  were  prepared  by  immunoprecipitation.  In  vitro  kinase  assays 
(lanes  1  and  2)  indicate  the  kinase  activity  is  not  able  to  phosphorylate  this  ER  truncation  mutant. 
Unbound  proteins  were  analyzed  for  kinase  activity  by  in  vitro  kinase  assays  using  GST-LBD  in 
the  presence  of  E2  (lanes  4  and  5,  in  duplicate).  The  truncation  mutant  is  able  to  deplete  purified 
extracts  of  the  kinase  activity.  Columns  were  prepared  as  in  lane  2  (in  duplicate)  and  ER- 
associated  proteins  were  eluted  with  500  mM  NaSCN.  Eluted  samples  were  reapplied  to  GST- 
LBD  columns  in  the  presence  of  E2  and  in  vitro  kinase  assays  were  performed  (lanes  6  and  7).  A 
longer  exposure  indicates  that  the  kinase  activity  can  be  eluted  from  colunms  containing  the 
truncation  mutant.  Therefore,  the  truncation  mutant  does  indeed  retain  the  ability  to  bind  the 
kinase. 

Figure  8.  Casein  kinase  2  (CK2)  is  present  in  HeLa  cell  extracts,  but  not  purified  kinase 
fractions.  A)  Partially  purified  kinase  extracts  from  HeLa  cells  were  applied  to  GST-LBD 
columns  in  the  absence  or  presence  of  E2.  Associated  proteins  were  eluted  with  Laemmli  sample 
buffer  and  separated  by  SDS-PAGE.  Gels  were  blotted  to  nitrocellulose  and  probed  with  anti- 
CK2  antibodies.  The  positive  control  shows  the  expected  position  of  CK2.  CK2  does  not  appear 
to  be  present  in  purified  kinase  extracts.  B)  Sucrose  density  gradient  fractions  from  HeLa  cell 
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extracts  were  collected  and  further  separated  by  SDS-PAGE  on  10%  gels  (lanes  1-12).  Proteins 
were  transferred  to  nitrocellulose  and  probed  with  the  anti-CK2  antibody  as  before  (-1-  lane  is 
positive  control).  CK2  protein  is  found  in  fractions  7-9,  distinct  from  where  the  kinase  activity  is 
found  (fractions  2-4). 

Figure  9.  4-hydroxytamoxifen  exchange  with  estradiol  causes  the  release  of  the  kinase.  A) 

GST-LB D/kinase  complexes  were  preassembled  in  the  presence  of  E2.  Increasing  amounts  of 
OHT  (0,  IX,  5X,  lOX  in  lanes  1-4)  were  incubated  with  columns  followed  by  analysis  by  in  vitro 
kinase  assays  (see  text).  Autoradiography  demonstrates  that  10  fold  excess  OHT  is  able  to 
completely  abolish  kinase  activity.  B)  lOX  OHT  elutions  were  treated  with  charcoal  and 
reapplied  to  GST-LBD  columns  in  the  presence  of  E2.  In  vitro  kinase  assays  were  performed. 
Lanes  1  and  2  show  activity  which  remained  on  columns  after  OHT  treatment.  Lane  3  is  a 
control  sample  with  no  OHT.  Lanes  4  and  5  show  activity  eluted  from  the  column  in  lanes  1  and 
2  and  reapplied  to  GST-LBD. 

Figure  10.  Kinase  purification  scheme.  The  kinase  activity  was  purified  from  HeLa  cell 
pellets  as  described. 

Figure  11.  Silver  stain  analysis  of  purified  kinase  activity  suggests  the  kinase  is  part  of  a 
complex  of  5  proteins.  HeLa  cell  extracts  were  subjected  to  purification  as  described.  The 
resultant  elutions  were  analyzed  by  SDS-PAGE  on  a  6%  polyacrylamide  gel  followed  by  silver 
staining.  Lanes  1  and  2  show  proteins  remaining  on  affinity  columns  after  OHT  elution.  The 
strong  bands  are  GST-LBD.  Lanes  3  and  4  represent  flowthrough  from  affinity  columns.  Lanes 
5  and  6  show  OHT  elution  profdes.  Some  GST-LBD  is  found  in  elutions  (asterisks).  Five 
stoichiometrically-bound  proteins  recognize  GST-LBD  only  in  the  presence  of  E2  and  are  eluted 
with  OHT  (arrows). 


28 


A/B  CD  E 


O 


CQ 

B 

K 


a> 

U1 

© 


© 

A  ^ 

2  ^ 

^  ©  O 

©  ©  ^ 

(©5  X  H 


© 

© 

© 
•  Piii4 

p© 

u 


o  in  th  in  ^ 

t>>  IN  IN  ^  cn  VO 

i/i  in  in  in  m  m 


E^  Eh  Eh  E^ 
i<  i«i:  Eh  Eh 
h?  Pi 

»  a  O  Pi 
CQ  H  CO  CO 

a  a  a  p; 

P  CO  CO  CO 
Eh  P  P  P 
H  H  H  H 
H  H  H  H 
>,  P  P  a 
CO  P  P  H 
>  >  Eh 
O  0  0  Eh 

0  0  0  u; 

Eh  ^ll  rtl  I 

p  p  p  p  p  p 


INI  VO  IN  IN  ^ 

in  in  in  ^  r-i 

in  in  in  in  mm 


29 


Figure  1. 


Figure  2. 


-OOZ 


31 


Figure  3. 
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Estrogen  Receptor  Structure  and 
Function  in  Breast  Cancer  Cells 

Geoffrey  L  Greene,  Vandana  Sharma,  and  Lin  Cheng 


Estrogen  target  tissues  in  the  human  include  the  uterus,  mammary  gland,  ovary, 
vasculature,  bone,  brain,  pituitary,  and  liver.  A  characteristic  of  these  tissues  is 
that  they  contain  at  least  one  intracellular  receptor  protein  for  estrogen.  The 
existence  of  an  estrogen  receptor  (ER)  was  first  proposed  more  than  thirty 
years  ago  by  Elwood  Jensen'  and  Jack  Gorski.^  However,  despite  numerous 
advances  in  our  understanding  of  the  structure  and  function  of  nuclear  recep¬ 
tors,^’^  the  molecular  mechanisms  by  which  female  steroid  hormones  and  their 
antagonists  regulate  cellular  proliferation  in  hormone  responsive  tissues  and 
cancers  are  still  poorly  defined.  Because  ER  is  a  key  mediator  of  estrogen- 
dependent  growth,  knowledge  of  both  the  structure  and  action  of  this  protein 
is  essential  to  elucidate  the  origins,  progression,  and  control  of  hormone-de- 
pendent  cancers.  We  and  others  are  actively  studying  multiple  aspects  of  ER 
action,  including  the  role  of  phosphorylation  and  cross  talk  with  other  signal¬ 
ling  pathways,  the  roles  of  ER-associated  accessory  or  co-regulator  proteins, 
the  identification  of  genes  that  are  differentially  regulated  by  estrogen  agonists 
and  antagonists,  and  the  detailed  structural  requirements  for  ligand  binding  to 
ER,  especially  in  regard  to  discrimination  between  agonists  and  antagonists 
such  as  tamoxifen.  The  picture  has  become  more  complicated  by  the  recent 
discovery  of  a  second  receptor  protein  for  estrogen,  designated  ER/3.*  How¬ 
ever,  ER^  does  not  appear  to  be  expressed  in  mammary  tissue  and  is  signifi¬ 
cantly  less  abundant  in  the  uterus  than  ER  (ERa).  The  studies  described  here 
relate  only  to  the  action  of  ER-a,  which  will  be  referred  to  as  ER. 

Estrogen  Receptor  Action 

Estrogen  action  is  initiated  by  entry  of  the  hormone  into  a  target  cell,  generally 
thought  to  be  by  passive  diffusion,  where  it  interacts  with  a  predominantly 
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nuclear  ER*  that  is  in  dynamic  equilibrium  between  tHe  cytoplasm  and  nu¬ 
cleus/  A  complex  sequence  of  events  occurs  at  this  point,  including  dissocia¬ 
tion  of  one  or  more  heat  shock  proteins  from  ER,  as  well  as  increased  ER 
phosphorylation,  dimerization,  and  interaction  both  directly  and  indirectly 
with  hormone  response  elements  (EREs)  to  increase  or  repress  specific  target 
genes  (Figure  1).  The  resulting  changes  in  mRNA  levels  constitute  the  hormone 
response  for  a  target  tissue.  A  tissue-specific  increase  or  decrease  in  the  expres¬ 
sion  of  a  number  of  genes  in  reproductive  tract  tissues  and  their  cancers  is 
known  to  occur,  including  c-fos,  c-myc,  TGFa,  TGFj9,  lGF-1,  progesterone 
receptor,  cyclin  Dl,  and  bcl-2,  to  name  just  a  few.  Clearly,  diverse  pathways 
and  cellular  processes  are  sensitive  to  estrogen  and  ER  action. 

The  ER  is  a  member  of  the  nuclear  hormone  receptor  family,  which  is  a 
rather  large  and  growing  family  of  transcription  factors  that  includes  not  only 
the  steroid  receptors,  bur  a  number  of  orphan  receptors  as  well.  Although  sev¬ 
eral  dozen  members  of  this  family  have  been  cloned,  target  genes  and  ligands 
have  been  identified  for  only  a  limited  number  of  these  receptors.  A  character¬ 
istic  of  the  estrogen  receptor,  as  well  as  other  members  of  the  nuclear  receptor 
family,  is  that  the  molecule  can  be  divided  into  three  major  functional  regions 
(Figure  2):  a  ONA  binding  domain  that  defines  the  family,  a  hormone  binding 
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Figure  2.  Schematic  representation  of  the  human  estrogen  receptor  showing  several  func¬ 
tional  domains  and  associated  activities. 


domain,  and  a  modulatory  region,  which  varies  considerably  in  length  among 
members  of  the  family.  Within  these  domains  are  multiple  subfunctions.  For 
example,  the  amino  terminal  modulatory  region  contains  a  transcriptional  ac¬ 
tivating  function  referred  to  as  AF-1,  whereas  the  ligand  binding  domain  con¬ 
tains  another  transcriptional  activating  function,  AF-2.  The  ligand  binding  do¬ 
main  also  participates  in  homodimerization  and/or  heterodimerization,  as 
does  the  DNA  binding  domain,  as  well  as  in  the  interaction  of  ER  with  other 
proteins,  as  described  below.  In  addition,  nuclear  translocation  signals  are  pres¬ 
ent  in  the  hinge  region  located  between  the  DNA-binding  domain  and  the 
ligand-binding  domain.  Thus,  many  activities  are  carried  out  by  nuclear  recep¬ 
tors;  the  molecular  details  and  consequences  of  these  activities  are  the  focus  of 
numerous  investigations. 

The  estrogen  receptor  interacts  with  a  number  of  other  proteins  both  be¬ 
fore  and  after  activation  by  hormone.  The  identities  and  functions  of  some 
of  these  receptor-associated  proteins  are  beginning  to  emerge.  At  least  three 
members  of  the  heat-shock  protein  family  have  been  identified  as  putative  ac¬ 
cessory  proteins  by  virtue  of  their  association  with  several  receptors  in  vitro. 
One  of  these,  hsp90,  has  been  implicated  in  the  stabilization  of  the  inactive 
form  of  receptors  for  glucocorticoids  (GR),  progestins  (PR)  and  estrogens 
(ER).*  Estrogen  receptors  can  also  interact  with  other  transcription  activators 
(e.g.,  AP-1  f  as  well  as  various  co-regulators  (e.g.,  CAMP  response  element  bind¬ 
ing  protein  and  SRC-1)^  '“  "  and  members  of  the  basal  transcription  apparatus 
such  as  TFIIB.  In  addition,  the  intersection  of  peptide  growth  factor  signal 
pathways  with  ER'^  and  other  members  of  the  nuclear  receptor  family”  has 
recently  been  implicated  in  the  modulation  of  the  activities  of  nuclear  recep¬ 
tors.  This  cross-talk  may  involve  both  tyrosine”  and  serine”  kinase  activity 
and  probably  phosphatase  activity  as  well.  The  estrogen  receptor,  as  well  as 
other  transcription  factors,  ar^  phosphoproteins  and  are  phosphorylated  or 
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dephosphoryiated  as  part  of  their  action.  Thus,  an  understanding  of  the  inter¬ 
section  of  these  pathways  is  essential  to  undetitanding  steroid  hormone  action. 


The  Use  of  RN A  Differential  Display  to  Identify 
Estrogen  Agonist/Antagonist-Responsive  Genes  in 
Breast  Cancer  Cells 

Breast  cancer  is  a  complex,  systemic  disease,  and  tumor  growth,  progression, 
and  metastasis  depend  on  the  intersection  of  multiple  signal  pathways,  some 
of  which  are  either  directly  or  indirectly  regulated  by  estrogens  in  hormone 
dependent  tumors.  During  tumor  progression,  many  autocrine  and  paracrine 
factors  stimulate  proliferation  and  recruitment  of  stromal  tissue  and  blood  sup¬ 
ply  to  the  expanding  tumor.  Some  of  these  factors,  such  as  TGF-a,  TGF-/3, 
c-myc,  hsp27,  cyclin  Dl,  bcl-2,  progesterone  receptor,  and  one  or  more  angio¬ 
genic  factors,  such  as  pieiotrophin,*'’  '  are  regulated  by  ER  and  are  presumably 
part  of  the  proliferative  or  invasive  response.  However,  the  sequential  and/or 
concurrent  molecular  events  that  are  required  for  net  expansion  of  hormone 
sensitive  tumors  remain  to  be  elucidated.  In  addition,  one  of  the  major  current 
challenges  is  to  explain  the  differential  action  of  estrogens  and  estrogen  antag¬ 
onists  among  hormone  sensitive  tissues. 

To  identify  novel  genes  that  are  selectively  regulated  by  different  estrogenic 
ligands,  we  used  the  technique  of  RNA  differential  display  to  identify  several 
panial  cDNA  clones  that  are  differentially  regulated  by  estradiol  (E2),  4-hydrox- 
ytamoxifen  (OH-T,  a  partial  antagonist)  and  ICI  182,780  (ICI,  a  complete  antag¬ 
onist),  in  the  estrogen-sensitive  MCF-7  breast  cancer  cell  line.  RNA  differential 
display  is  a  polymerase  chain  reaction-based  technique  that  allows  one  to  visual¬ 
ize  and  isolate  messenger  RNAs  that  arc  being  expressed  at  any  given  time  in  a 
tissue  or  in  a  cell.  By  amplifying  the  pool  of  mRNAs  from  a  tissue  or  a  cell  that 
has  been  treated  differentially  with  estrogen  agonists  or  antagonists,  one  can 
determine  any  differences  in  RNA  expression  that  occur.  One  would  predict  that 
for  some  genes,  estradiol  will  selectively  induce  the  expression  of  a  panicular 
messenger  RNA,  which  would  not  be  seen  on  the  sequencing  gel  in  response  to 
4-hydroxytamoxifcn.  Likewise,  one  might  find  selective  suppression  of  a  gene. 
In  fact,  both  phenomena  were  observed.  An  advantage  of  this  technique  is  that 
it  is  possible  to  isolate,  clone,  and  sequence  the  corresponding  cDNAs  directly 
from  selected  bands  on  the  differential  gel  display. 

For  one  300  bp  cDN  A,  selective  suppression  by  estradiol  was  observed  on 
the  differential  display  screen.  Nucleotide  sequence  analysis  and  Northern  blot 
hybridization  patterns  of  this  clone  indicated  that  it  was  human  monocyte  che¬ 
moattractant  protein-1  (MCP-1  )."*  '’  Human  monocyte  chemoattractant  pro¬ 
tein- 1  is  a  cytokine  produced  by  many  cell  types  in  response  to  mitogenic  stim¬ 
ulation.  It  is  induced  by  a  number  of  factors,  including  TNF-a,  and  is  normally 
expressed  in  monocytes,  fibroblasts,  vascular  endothelium,  and  vascular 
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smooth  muscle  cells.  It  was  not  previously  known  to  be  estrogen  sensitive,  and 
was  selectively  downregulated  in  MCF7  and  T47D  cells  by  estradiol  but  not  by 
4-hydroxytamoxifen  or  ICI  182,780.  Monocytes  are  frequently  found  in  close 
association  with  tumors,  and  are  postulated  to  play  an  active  role  in  the  local 
tumor  environment.  Therefore,  the  specific  modulation  of  a  monocyte  chemo- 
anraaant  could  be  a  significant  component  of  tumor  biology.  Interestingly,  it 
was  recently  reponed  that  the  related  chemokine  JE/MCP-2  is  suppressed  by 
estrogen  in  murine  macrophages.'"  A  number  of  pathological  conditions  arc 
accompanied  by  increased  MCP-1  expression,  including  malignant  gliomas  and 
fibrosarcomas,  atherosclerosis,  and  others.  Thus,  it  is  very  interesting  that  this 
gene  product,  which  is  involved  in  regulation  of  monocyte  or  macrophage  chc- 
motaxis,  also  appears  to  be  under  estrogen  regulation  in  human  breast  cancer 
cells. 

’  A  second  transcript,  which  was  specificallv  induced  in  MCF-7  cells  by  es¬ 
tradiol  and  not  by  4-hydroxytamoxifcn  or  ICI  182,780,  represents  a  7.5  kh 
mRNA  species  recently  identified  as  the  MNl  gene.  Two  groups  recently  re¬ 
poned  the  existence  of  the  MN 1  gene  (98%  sequence  match  with  our  700  bp 
cDNA  in  the  3'  untranslated  region).  In  one  study,  MNi  was  disrupted  by  a 
balanced  translocation  (4;22)  in  a  meningioma.''  In  a  separate  study,  translo¬ 
cation  (12;22)  in  an  acute  myleoid  leukemia  resulted  in  a  fusion  of  the  TEL 
gene  (12pl3),  a  member  of  the  ETS  family  of  transcnption  factors,  to  the  MN  1 
gene  on22qlI.The  existence  of  both  TEL-MNl  and  MN1*TEL  fusion  pro¬ 
teins  was  predicted.  Because  the  MNl  gene  appears  to  be  transcriptionally 
induced  by  estrogens  in  MCF-7  cells,  it  may  also  be  regulated  by  estrogens  in 
normal  mammary  tissue.  Thus,  the  RNA  display  technique  is  likely  to  reveal 
novel  mechanistic  aspects  of  the  differential  regulation  of  proliferation  and 
other  specific  cellular  responses  by  estrogens  and  their  antagonists.  Such  data 
may  also  prove  useful  for  the  treatment  of  breast  cancer,  osteoporosis,  and 
hean  disease  in  women. 


Struaural  Studies  of  Estrogen  Receptors 

Estrogen  receptor  activity  is  modulated  by  the  binding  of  ligand,  which  is  sim¬ 
ilar  to  other  steroid  receptors.  What  is  unusual  about  ER  is  that  it  is  so  pro¬ 
miscuous  in  terms  of  ligand  recognition.  Some  of  these  ligands  derive  from 
plants  (phytoestrogens),  and  others  are  industrial  products  or  byproducts  (chlo- 
rophenotane  and  various  phenols).  Estradiol  is  the  most  abundant  natural  ago¬ 
nist  for  the  estrogen  receptor,  in  addition,  the  synthetic  compound  tamoxifen 
is  widely  used  in  the  treatment  of  breast  cancer,  both  prophylactically  as  well 
as  in  adjuvant  settings.  An  active  metabolite  of  tamoxifen;  4-hydroxytamoxifen 
binds  to  ER  with  an  affinity  that  is  approximately  the  same  as  estradiol,  al¬ 
though  its  structure  looks  quite  different  than  estradiol  (Figure  3).  There  arc 
also  molecules  that  fi^ve  been  referred  to  as  complete  estrogen  antagonists, 
such  as  ICI  182,780;'.*  which  »  an  estradiol  analog  with  an  extended  7-alpha 
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hydrocarbon  subsriruent  that  renders  the  estrogen  receptor  inactive  by  a  mecb* 
anism  that  is  not  well  defined.  Estrogen  antagonists  can  be  grouped  into  two 
nujor  categoiies.  Those  such  as  umoxifen  and  4-hydroxytamoxifen  are  paniil 
antagonists,  and  their  anngonism  is  both  pronioter*specific  and  tissue>spedfic; 
Thus,  while  4-hydroxyiamoxifen,  or  tamoxifen,  is  an  antagonist  in  the  breast, 
it  is  a  partial  agonist  in  bone,  vasculature,  and  uterus.  These  molecules,  when 
bound  to  ER,  promote  DNA  binding  but  inhibit  the  AF-2  activating  function, 
whereas  compounds  like  the  so  called  pure  estrogen  anugonist  ICM82J80, 
may  block  DNA  binding  by  inhibiting  dimerization.^  They  may  alter  nudeo* 
cytoplasmic  shutting  of  ER,^^  or  increase  the  degradation  rate  of  ER." 

A  key  unresolved  issue  concerning  ER  is  the  difference  in  receptor  sttuc* 
rare  and  function  when  ER  is  bound  to  an  agonist,  partial  antagonist,  or  • 
complete  antagonist.  Recent  crystal  struaure  dau  for  RXR-a,"  RAR<Y,^^and. 
TR<Oi with  or  without  bound  ligand,  suggest  that  the  ligand  may  deienaine 
the  position  and/or  shape  of  several  a*helices  near  the  surface  of  the  hgmd 
binding  domain,  and  especially  the  amphipathic  helbt  (helbc  12  in  TR-ai)lhie. 
contains  the  AF*2  transcription  activating  domain.  Interestingly,  thyroid  hor^ 
mone  agonists  like  tti<iodothyronine  were  found  to  be  completely  boned 
within  the  TR>ai  ligand  binding  domain.  Similarly,  all  trans-retinoic  acid  was 
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sealed  within  the  corresponding  hydrophobic  pocket  of  RAR-7,  whereas  in 
unliganded  RXR-a,  no  such  sealed  pocket  exists,  instead,  the  carboxytemiinal 
helix  (11  or  12,  depending  on  the  numbering  system)  that  contains  AF-2  is 
positioned  away  from  the  ligand  binding  domain,  which  leaves  an  open  pocket 
for  ligand.  Thus,  for  at  least  two  nuclear  receptors,  agonist  ligands  induce  a 
conformation  in  which  the  amphipathic  AF-2  a-helix  is  positioned  over  the 
ligand  pocket  and  contributes  to  the  hydrophobic  interaction  with  ligand. 

It  is  likely  that  the  overall  crystal  structure  of  the  agonist-occupied  ER 
hormone  binding  domain  will  be  very  similar  to  the  solved  structures  of  ago¬ 
nist-bound  RAR-7,  and  TR-Oi .  However,  the  important  differences  will  be  in 
the  details  and  especially  in  how  these  subtle  differences  alter  protein-protein 
interactions  between  ER  and  components  of  the  transcription  machinery. 
Thus,  a  knowledge  of  ER  structure  when  it  is  occupied  by  ligands  with  differing 
biological  properties  will  be  essential  for  understanding  the  nature  of  tissue- 
specific  agonism  versus  antagonism.  Such  information  may  also  lead  to  the  de¬ 
sign  of  new  ER  ligands  that  will  have  selective  positive,  neutral,  or  negative 
effects  in  hormone  sensitive  tissues  and  cancers.  Although  it  is  not  entirely  clear 
whether  rational  drug  design  will  be  a  useful  application  for  such  structural 
information,  it  is  certainly  a  hope  and  goal  for  the  future. 
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We  have  examined  the  ability  of  estrogen  receptor 
(ER)  to  bind  and  bend  DNA  fragments  containing 
the  Xenopus  laevis  vitellogenin  A2  estrogen  re¬ 
sponse  element  (ERE),  which  contains  a  palin¬ 
dromic,  consensus  ERE  sequence,  the  X.  laevis 
vitellogenin  B1  ERE2,  which  contains  a  1-bp  mis¬ 
match  in  the  5'-end  of  the  half-palindrome,  and  the 
human  pS2  ERE,  which  contains  a  1-bp  mismatch 
in  the  3'-end  of  the  half-palindrome.  ER  binding 
induced  a  65°  bend  in  DNA  fragments  containing 
the  consensus  ERE,  the  vitellogenin  B1  ERE2,  or 
the  pS2  ERE.  However,  ER  affinity  for  the  consen¬ 
sus  ERE  was  2-fold  greater  than  for  either  the  vitel¬ 
logenin  B1  ERE2  or  the  pS2  ERE.  When  Chinese 
hamster  ovary  (CHO)  cells  were  transfected  with 
reporter  plasmids  containing  either  the  consensus 
ERE,  the  vitellogenin  B1  ERE2,  or  the  pS2  ERE 
separated  from  the  TATA  sequence  by  2.6  helical 
turns,  exposure  to  10  nM  17^-estradiol  increased 
transcription  12.7-,  2.4-,  and  3.8-fold,  respectively. 
Increasing  the  spacing  between  the  ERE  and  TATA 
sequence  to  three  helical  turns  decreased  the  abil¬ 
ity  of  the  consensus  ERE  to  activate  transcription 
by  55%  and  increased  the  ability  of  the  pS2  ERE  to 
activate  transcription  by  35%  but  had  no  signifi¬ 
cant  effect  on  vitellogenin  B1  ERE2  activity.  Further 
increasing  the  distance  between  the  ERE  and 
TATA  sequence  to  3.6  helical  turns  restored  the 
activity  of  promoters  containing  the  consensus 
ERE  and  pS2  ERE  but  decreased  the  activity  of  the 
promoter  containing  the  relatively  weak  vitelloge¬ 
nin  B1  ERE2.  These  data  support  the  idea  that  1) 
the  affinity  of  ER  for  the  ERE,  2)  the  location  of  an 
ERE  within  the  promoter,  and  3)  the  magnitude  and 
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orientation  of  DNA  bends  induced  by  binding  of  ER 
or  other  proteins  are  important  in  transcription  ac¬ 
tivation  of  estrogen-responsive  genes.  (Molecular 
Endocrinology  10:  694-704,  1996) 


INTRODUCTION 

The  estrogen  receptor  (ER)  is  a  member  of  a  super¬ 
family  of  ligand-activated  transcription  factors  that 
play  crucial  roles  in  developmental  progression  and 
maintenance  of  normal  reproductive  cell  function.  The 
ER  brings  about  changes  in  cellular  function  by  bind¬ 
ing  to  ligand  and  then  interacting  with  a  specific  DNA 
sequence,  the  estrogen  response  element  (ERE),  to 
modulate  transcription  of  estrogen-responsive  genes 
(1.2). 

Estrogen-responsive  genes  typically  contain  one  or 
more  copies  of  the  consensus  ERE,  a  perfect  palin¬ 
dromic  sequence,  or  an  imperfect  ERE,  which  deviates 
from  the  consensus  sequence  by  one  or  more  nucle¬ 
otides.  The  consensus  ERE,  which  is  found  in  the 
endogenous  Xenopus  laevis  vitellogenin  A2  gene 
(GGTCAnnnTGACC,  Ref.  3)  has  been  most  extensively 
characterized,  both  in  its  ability  to  interact  with  ER  and 
to  activate  transcription  (4-9).  However,  imperfect 
ERE  sequences  are  more  commonly  found  in  endog¬ 
enous,  estrogen-responsive  genes.  Although  these 
imperfect  EREs  confer  estrogen  responsiveness  to 
target  genes,  they  are  typically  less  potent  activators 
of  transcription  than  the  consensus  ERE  (1 0-1 7). 

To  determine  how  various  ERE  sequences  differen¬ 
tially  regulate  gene  expression,  we  have  used  the  con¬ 
sensus  ERE  and  two  imperfect  EREs  to  examine  the 
ER-ERE  interaction  in  detail  and  determine  the  effects 
of  this  interaction  on  transcription  activation.  The  two 
imperfect  EREs  used  in  this  study,  the  X.  laevis  vitel- 
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Fig.  1.  Partially  Purified  Yeast- Expressed  hER  Interacts 
Specifically  with  DNA  Fragments  Containing  Consensus  and 
Imperfect  EREs 

Partially  purified,  yeast-expressed  hER  (285  fmol)  was  in¬ 
cubated  with  427-bp  ^^P-labeled  DNA  fragments,  each  con¬ 
taining  either  the  consensus  ERE,  the  vitellogenin  B1  ERE2, 
or  the  pS2  ERE  near  the  3'-end.  ER-DNA  mixtures  were 
fractionated  on  a  nondenaturing  acrylamide  gel.  The  gel  was 


logenin  B1  ERE2  (AGTCAnnnTGACC,  Ref.  18)  and  the 
human  pS2  ERE  (GGTCAnnnTGGCC,  Ref.  19),  differ 
from  the  consensus  vitellogenin  A2  ERE  by  a  single 
nucleotide  in  either  the  5'-  or  3'-half  of  the  palindrome, 
respectively.  We  have  determined  the  affinity  of  ER  for 
the  consensus  and  imperfect  ERE  sequences,  the 
magnitude  of  the  ER-induced  DNA  bending  in  DNA 
fragments  containing  either  a  consensus  or  an  imper¬ 
fect  ERE  sequence,  and  the  ability  of  simplified  re¬ 
porter  constructs  containing  consensus  and  imperfect 
EREs  to  impart  estrogen-induced  transcription  activa¬ 
tion. 


RESULTS 

Partially  Purified,  Yeast-Expressed  Human  ER 
(HER)  Binds  Specifically  to  the  Consensus  ERE, 
the  Vitellogenin  B1  ERE2,  and  the  pS2  ERE 

Because  much  of  our  investigation  involves  the  inter¬ 
action  of  ER  with  ERE-containing  DNA  fragments  in 
electrophoretic  assays,  we  wanted  to  be  sure  that  the 
protein-DNA  complexes  we  observed  were  ER-spe- 
cific.  ®®P-labeled  DNA  fragments  (427  bp)  containing 
either  the  X.  laevis  vitellogenin  A2  consensus  ERE,  the 
X.  laevis  vitellogenin  B1  ERE2,  or  the  human  pS2  ERE 
were  incubated  with  partially  purified,  yeast-ex¬ 
pressed  hER.  When  this  protein-DNA  mixture  was 
fractionated  on  a  nondenaturing  acrylamide  gel,  one 
major  protein-DNA  complex  was  observed  (Fig.  1, 
panel  A,  ER-»)  as  well  as  a  minor,  more  rapidly  mi¬ 
grating  complex.  To  determine  whether  ER  binding 
was  responsible  for  the  formation  of  these  complexes, 
antibody  supershift  assays  were  carried  out.  When  the 
ER-specific  monoclonal  antibody  H222  was  included 
in  the  binding  reaction  with  the  ^^P-labeled  DNA  frag¬ 
ments  and  the  yeast-expressed  hER,  both  the  major 
and  the  minor  protein-DNA  complexes  were  super- 
shifted  (Fig.  1,  panel  A,  ER-Ab^).  Thus,  ER  was 
present  in  both  of  the  complexes  observed  with  each 
of  the  EREs.  The  presence  of  the  minor  complex  may 
reflect  ER  proteolysis,  the  presence  of  a  slightly  dif¬ 
ferent  population  of  proteins  involved  in  ER  interaction 
with  the  ERE,  or  a  combination  of  these  events. 

To  demonstrate  that  the  ER  interacted  specifically 
with  the  ERE  present  in  the  large  DNA  fragments  used, 
competition  assays  were  carried  out.  The  427-bp  ^^P- 
labeled  DNA  fragments  containing  either  the  consen- 


dried  and  subjected  to  autoradiography.  Panel  A,  The  ER- 
specific  antibody  H222  was  included  in  the  ER-DNA  incuba¬ 
tions  as  indicated  (Ab  +).  Free  DNA,  ER-DNA  complexes 
(ER),  and  ER-DNA  complexes  containing  H222  (ER-Ab)  are 
indicated  to  the  left  of  the  autoradiogram.  Panel  B,  No  addi¬ 
tional  competitor  DNA  (-)  or  45  ng  of  a  54-bp  DNA  fragment 
containing  either  a  single  consensus  ERE  (ERE)  or  a  nonspe¬ 
cific  DNA  sequence  (NS)  were  included  in  the  binding 
reaction. 


MOL  ENDO  -1996 
696 


Vol  10  No.  6 


sus  ERE,  the  vitellogenin  B1  ERE2,  or  the  pS2  ERE 
were  incubated  with  the  yeast-expressed  hER  in  the 
absence  or  in  the  presence  of  a  54-bp  DNA  fragment 
containing  either  a  nonspecific  DNA  sequence  or  the 
consensus  ERE.  The  DNA  fragment  containing  a  con¬ 
sensus  ERE,  but  not  the  DNA  fragment  containing  the 
nonspecific  DNA  sequence,  was  capable  of  success¬ 
fully  competing  for  ER  binding  (Fig.  1,  panel  B),  Thus, 
the  receptor  interacted  specifically  with  each  of  the 
ERE-containing  DNA  fragments  used  in  these  studies. 

The  Affinity  of  the  ER  for  the  Consensus  ERE  is 
2-Fold  Higher  Than  for  Either  the  Vitellogenin  B1 
ERE2  or  the  pS2  ERE 

The  expression  of  ERE-containing  target  genes  is  in¬ 
fluenced  by  the  affinity  of  the  ER  for  the  ERE.  We  noted 
that  although  the  migration  of  the  ER-DNA  complexes 
in  our  electrophoretic  mobility  shift  assays  was  very 
similar  for  each  of  the  EREs  tested,  there  was  a  no¬ 
ticeable  difference  in  the  amount  of  ER-DNA  complex 
formed.  More  ER-DNA  complex  was  formed  with  DNA 
fragments  containing  the  consensus  ERE  than  with 
DNA  fragments  containing  either  the  vitellogenin  B1 
ERE2  or  pS2  ERE.  To  determine  whether  this  differ¬ 
ence  in  complex  formation  was  due  to  a  difference  in 
the  affinity  of  ER  for  the  consensus  and  imperfect 
EREs,  competition  experiments  were  carried  out.  The 
yeast-expressed  hER  was  incubated  with  the  ®®P-la- 
beled  DNA  fragment  containing  a  consensus  ERE  in 
the  absence  and  in  the  presence  of  increasing 
amounts  of  unlabeled  annealed  oligos  containing  ei¬ 
ther  the  consensus  ERE  sequence,  the  vitellogenin  B1 
ERE2  sequence,  or  the  pS2  ERE  sequence.  The  oligo 
containing  the  consensus  ERE  competed  most  effec¬ 
tively  for  ER  binding  (Fig.  2,  panel  A).  A  50%  reduction 
in  ER-DNA  complex  formation  was  observed  when  0.2 
pmol  of  the  unlabeled  oligo  containing  the  consensus 
ERE  was  included  in  the  binding  reaction  (panel  B).  In 
contrast,  nearly  0.5  pmol  of  the  pS2  ERE  or  the  vitel¬ 
logenin  B1  ERE2  oligo  was  required  to  successfully 
reduce  binding  of  ER  to  the  ^^P-labeled  DNA  fragment 
to  50%.  Thus,  the  affinity  of  the  ER  was  about  2-fold 
higher  for  the  consensus  ERE  than  for  either  of  the 
imperfect  EREs. 

The  Yeast-Expressed  HER  Bends  DNA  Fragments 
Containing  the  Consensus  ERE,  the  Vitellogenin 
B1  ERE2,  and  the  pS2  ERE  to  the  Same  Extent 

A  number  of  studies  have  demonstrated  that  binding 
of  transcription  factors,  including  a  number  of  steroid 
hormone  receptors,  induces  DNA  to  bend  (20-30). 
However,  all  of  the  studies  investigating  the  role  of 
ER-induced  DNA  bending  thus  far  have  been  carried 
out  using  the  consensus  ERE  (24, 25,  30).  To  compare 
the  bending  angles  induced  by  ER  binding  to  DNA 
fragments  containing  consensus  and  imperfect  EREs, 
the  circular  permutation  vectors  B3ConsERE, 
B3ERE2,  and  B3pS2ERE  were  digested  with  appro¬ 
priate  restriction  enzymes  to  produce  427-bp  DNA 


Fig.  2.  Partially  Purified  Yeast-Expressed  hER  Has  Higher 
Affinity  for  the  Consensus  ERE  Than  for  the  Vitellogenin  B1 
ERE2  or  the  pS2  ERE 

Panel  A,  ®^P-labeled  DNA  fragments  each  containing  a 
single  consensus  ERE  were  incubated  in  the  absence  or  in 
the  presence  of  increasing  amounts  (0,  0.19,  0.48,  0.96,  or 
1 .9  pmol)  of  unlabeled  annealed  oligos  containing  either  the 
consensus  ERE,  the  vitellogenin  B1  ERE2.  or  the  pS2  ERE. 
The  ER-DNA  complexes  were  fractionated  on  an  acrylamide 
gel.  The  gel  was  processed  as  described  in  Fig.  1 .  Panel  B, 
The  amount  of  ER-ERE  complex  was  set  at  100%  and  the 
extent  of  binding  inhibition  is  indicated.  Data  from  seven 
competition  experiments  were  combined  and  values  are  pre¬ 
sented  as  the  mean  r  se. 


fragments,  each  of  which  contained  either  the  consen¬ 
sus  ERE,  the  vitellogenin  B1  ERE2,  or  the  pS2  ERE 
located  at  various  positions  within  the  DNA  fragment. 
The  base  pair  composition  of  these  large  DNA  frag¬ 
ments  was  identical,  except  for  the  ERE  sequence. 
After  end-labeling  and  purification,  the  427-bp  DNA 
fragments  were  incubated  with  yeast-expressed  hER 
and  fractionated  on  a  nondenaturing  acrylamide  gel. 
The  migration  patterns  of  the  ER-DNA  complexes, 
regardless  of  whether  the  DNA  fragments  contained  a 
consensus  or  an  imperfect  ERE,  were  very  similar. 
When  the  ERE  was  located  near  the  end  of  the  DNA 
fragment,  the  ER-DNA  complexes  migrated  more  rap¬ 
idly  (Fig.  3,  fragments  A  and  E)  than  when  the  EREs 
were  at  intermediate  positions  within  the  DNA  frag- 
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Fig.  3.  Partially  Purified  Yeast-Expressed  hER  Bends  DNA 
Fragments  Containing  Consensus  and  Imperfect  EREs 
^^P-Labeled  DNA  fragments  (A-E),  each  containing  a  con¬ 
sensus  ERE  (Cons  ERE)  or  an  imperfect  ERE  (ERE2,  pS2 
ERE),  were  incubated  with  570  fmol  of  partially  purified  yeast- 
expressed  hER  and  fractionated  on  an  8%  nondenaturing 
acrylamide  gel.  The  location  of  the  ERE  was  either  at  the 
5'-end  (fragment  A),  between  the  5'-end  and  the  middle 
(fragment  B),  in  the  middle  (fragment  C),  between  the  3'-end 
and  the  middle  (fragment  D),  or  at  the  3'-end  (fragment  E)  of 
the  DNA  fragment.  The  gel  was  processed  as  described  in 
Fig.  1. 


ment  (fragments  B  and  D).  The  most  slowly  migrating 
ER-DNA  complexes  were  those  that  contained  an  ERE 
in  the  middle  of  the  DNA  fragment  (fragment  C).  The 
migration  pattern  of  these  ER-DNA  complexes  indi¬ 
cated  that  the  receptor  induced  bending  in  DNA  frag¬ 
ments  containing  consensus  and  imperfect  EREs. 

To  accurately  determine  the  degree  of  the  ER- 
induced  DNA  bending  with  each  of  the  EREs,  DNA 
bending  standards  containing  54°  and  72°  bends 
were  included  on  the  same  gels  as  the  ERE-contain- 
ing  DNA  fragments  and  used  to  quantitate  the  bend¬ 
ing  angles.  As  seen  in  Fig.  4,  the  migration  of  the 
ER-DNA  complexes  containing  consensus  and  im¬ 
perfect  EREs  was  very  similar  when  the  EREs  were 
at  the  end  (fragment  A)  or  in  the  middle  (fragment  C) 
of  the  DNA  fragments.  By  comparing  the  relative 
mobility  of  the  DNA-bending  standards  and  the  ER- 
DNA  complexes,  we  determined  that  the  degree  of 
bending  induced  by  ER  binding  to  each  set  of  DNA 
fragments  was  nearly  identical.  The  degree  of  bend¬ 
ing  induced  by  binding  of  ER  to  DNA  fragments 
containing  the  consensus  ERE,  the  vitellogenin  B1 
ERE2,  or  the  pS2  ERE  was  ~65°  using  8-13  inde¬ 
pendent  determinations  (Table  1). 

ER  Present  in  Chinese  Hamster  Ovary  (CHO)-ER 
Nuclear  Extracts  Bends  DNA  Fragments 
Containing  Consensus  and  Imperfect  EREs  to  the 
Same  Extent  as  Partially  Purified  Yeast- 
Expressed  hER 

ER-associated  proteins  have  been  implicated  in  as¬ 
sisting  receptor  binding  to  the  ERE  in  in  vitro  gel  shift 
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Fig.  4.  Partially  Purified  Yeast-Expressed  hER  Induces  Sim¬ 
ilar  Bends  in  DNA  Fragments  Containing  Consensus  and 
Imperfect  EREs 

“P-Labeled  DNA  fragments,  each  containing  either  a  con¬ 
sensus  ERE  (Cons  ERE)  or  an  imperfect  ERE  (ERE2,  pS2 
ERE)  at  the  end  (A)  or  in  the  middle  (C)  of  the  DNA  fragment, 
were  incubated  with  570  fmol  of  partially  purified  yeast-ex¬ 
pressed  hER.  The  ER-DNA  complexes  were  fractionated  on 
an  acrylamide  gel.  The  gel  was  processed  as  described  in 
Fig.  1 .  DNA  bending  standards  containing  54°  and  72°  intrin¬ 
sic  bends  were  run  on  the  same  gel  and  used  to  determine 
the  degree  of  ER-induced  DNA  bending. 


assays  (31-33).  Thus,  it  was  possible  that  the  partially 
purified  yeast-expressed  hER  might  not  have  been 
associated  with  the  full  complement  of  proteins  re¬ 
quired  for  receptor  binding  in  mammalian  target  cells. 
Therefore,  we  used  extracts  from  CHO  cells  that  had 
been  stably  transfected  with  an  inducible  hER  expres¬ 
sion  vector  and  can  express  up  to  5  million  ER  sites 
per  cell  (CHO-ER  cells)  as  a  comparison  (34).  Nuclear 
extracts  were  prepared  from  induced  CHO-ER  cells 
that  had  been  exposed  to  17p-estradiol  for  40  min 
before  extract  preparation  and  were  used  in  circular 
permutation  analysis  experiments.  As  seen  in  Fig.  5, 
the  mobility  of  the  ER-DNA  complexes  formed  with 
nuclear  extracts  from  CHO-ER  cells  was  similar  to  the 
mobility  of  the  ER-DNA  complexes  formed  with  par¬ 
tially  purified  yeast-expressed  hER.  The  degree  of 
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Table  1.  Determination  of  DNA  Bending  Angles  for 
Consensus  and  Imperfect  EREs 

Angle 

n 

Consensus  ERE 

65.9  ±  1.4 

3 

Vitellogenin  B1  ERE2 

65.1  ±  0.7 

13 

pS2  ERE 

65.9  ±  0.9 

12 

Using  DNA  bending  standards  containing  54“  and  72“  intrin¬ 
sic  bends,  a  piot  of  relative  mobility  vs.  DNA  bending  angles 
was  constructed.  The  bending  angles  for  each  of  the  ER-DNA 
complexes  were  determined  by  interpolation  from  this  plot. 
Data  are  presented  as  the  mean  ±  se  with  the  number  (n)  of 
individual  determinations  indicated. 


CONS  ERE _ ERE2 _ pS2  ERE 


1abcde||abcde|abcde| 


1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 

Fig.  5.  ER  Present  in  CHO-ER  Nuclear  Extracts  Bends  DNA 
Fragments  Containing  Consensus  and  Imperfect  EREs  to  the 
Same  Extent  as  the  Partially  Purified  Yeast-Expressed  hER 
^^P-labeled  DNA  fragments  (A-E),  each  containing  a  con¬ 
sensus  ERE  (Cons  ERE)  or  an  imperfect  ERE  (ERE2,  pS2 
ERE)  were  incubated  with  CHO-ER  nuclear  extracts  contain¬ 
ing  20  fmol  ER.  The  ER-DNA  complexes  were  fractionated  on 
an  acrylamide  gel.  The  gel  was  processed  as  described  in 
Fig.  1. 


bending  induced  by  ER  binding  to  DNA  fragments 
containing  the  consensus  ERE,  the  vitellogenin  B1 
ERE2,  or  the  pS2  ERE  was  the  same.  Thus,  the  ER 
present  in  partially  purified  yeast  extracts  and  in 
CHO-ER  nuclear  extracts  binds  and  bends  DNA  frag¬ 
ments  containing  consensus  and  imperfect  EREs  in  a 
similar  manner. 

It  should  also  be  noted  that  the  ER  present  in  the 
CHO-ER  extracts  is  a  mutant  form  with  a  valine  re¬ 
placing  a  glycine  at  amino  acid  400  (34,  35).  This 
glycine  to  valine  mutation  is  associated  with  de¬ 
creased  affinity  of  the  receptor  for  estradiol  at  25  C 
(35).  However,  since  we  have  previously  demonstrated 
that  unoccupied  and  occupied  ER  present  in  MCF-7 
whole  cell  extracts  bends  DNA  to  the  same  extent  and 
in  the  same  direction  (25,  36)  and  procedures  were 
carried  out  at  4  C,  except  for  a  1 5-min  incubation  at 
ambient  temperature,  one  would  predict  that  the  mu¬ 
tant  receptor  would  interact  with  the  ERE  in  a  manner 
similar  to  the  wild  type  receptor.  Indeed,  no  differ¬ 


ences  in  the  receptor-DNA  interaction  were  detected 
with  these  two  receptor  forms. 

The  Consensus  ERE  Is  a  More  Potent  Activator 
of  Transcription  Than  the  Vitellogenin  B1  ERE2  or 
the  pS2  ERE 

Although  a  number  of  laboratories  have  examined  the 
ability  of  the  consensus  ERE,  the  vitellogenin  B1  ERE2, 
and  the  pS2  ERE  to  activate  transcription  using  tran¬ 
sient  cotransfection  assays  (6, 9, 10, 19),  these  studies 
were  carried  out  using  different  reporter  constructs, 
cell  lines,  and  transfection  protocols,  making  it  difficult 
to  compare  the  ability  of  each  individual  ERE  to  acti¬ 
vate  transcription.  To  more  directly  assess  the  ability 
of  the  consensus  and  imperfect  EREs  to  activate  tran¬ 
scription,  we  inserted  one  copy  of  each  ERE  into  a 
chloramphenicol  acetyltransferase  (CAT)  reporter 
plasmid  containing  only  a  TATA  sequence  and  then 
used  these  vectors  in  transient  cotransfection  experi¬ 
ments.  The  CAT  reporter  plasmids  ConsERE-CAT, 
ERE2-CAT,  and  pS2ERE-CAT,  each  containing  one 
copy  of  either  the  consensus  ERE,  the  vitellogenin  B1 
ERE2,  or  the  pS2  ERE,  respectively,  were  cotrans¬ 
fected  along  with  the  hER  expression  vector  pCMV5- 
hER  (37)  into  CHO  cells,  and  the  level  of  CAT  expres¬ 
sion  was  monitored.  To  correct  for  variation  in 
transfection  efficiency.  pCH1 1 0,  a  jS-galactosidase  ex¬ 
pression  plasmid  that  is  constituitively  expressed,  was 
used  as  an  internal  control  in  all  transfections.  As  seen 
in  Fig.  6,  the  most  potent  activator  of  transcription  was 
the  promoter  containing  a  consensus  ERE.  CAT  activ¬ 
ity  was  12.7-fold  greater  when  cells  transfected  with 
ConsERE-CAT  were  exposed  to  10  nw  17/3-estradiol 
than  when  cells  were  maintained  in  a  hormone-free 
environment.  A  comparison  of  the  imperfect  EREs 
demonstrates  that  the  pS2  ERE  (pS2ERE-CAT)  was  a 
more  powerful  transcription  activator  than  the  vitel¬ 
logenin  B1  ERE2  (ERE2-CAT).  When  CHO  cells  were 
transfected  with  ERE2-CAT  or  pS2ERE-CAT,  CAT  ac¬ 
tivity  was  2.4-fold  and  3.8-fold  higher,  respectively, 
when  cells  were  exposed  to  17p-estradiol  than  when 
cells  were  maintained  in  a  hormone-free  environment. 
Although  the  pS2  ERE,  which  differs  from  the  consen¬ 
sus  ERE  by  a  single  base  pair  mismatch  in  the  3'-half 
of  the  palindrome,  was  a  more  potent  activator  of 
transcription  than  the  vitellogenin  B1  ERE2,  which  dif¬ 
fers  from  the  consensus  ERE  by  a  single  base  pair 
substitution  in  the  5'-half  of  the  palindrome,  these 
imperfect  EREs  were  significantly  less  potent  activa¬ 
tors  of  transcription  than  the  consensus  ERE. 

Since  we  know  that  ER  binding  induces  a  directed 
bend  in  ERE-containing  DNA  fragments  (36),  we  also 
wanted  to  determine  whether  placing  the  ERE  on  the 
opposite  side  of  the  DNA  helix  would  affect  CAT  ex¬ 
pression  of  our  reporter  plasmids.  The  EREs  in  Con- 
sERE-CAT,  ERE2-CAT,  and  pS2ERE-CAT  were  sepa¬ 
rated  from  the  TATA  sequence  by  28  bp  or  2.6  helical 
turns.  By  inserting  an  additional  4  bp  between  the 
TATA  sequence  and  the  ERE  in  these  plasmids. 
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Fig.  6.  The  Consensus  ERE,  the  Vitellogenin  B1  ERE2,  and 
the  pS2  ERE  Activate  Transcription  to  Different  Extents 
CHO  ceils  were  transfected  with  CAT  reporter  plasmid, 
hER  expression  plasmid,  /3-galactosidase  expression  plas¬ 
mid,  and  pT2  nonspecific  DNA  using  the  calcium  phosphate 
coprecipitation  method  as  described  in  Materials  and  Meth¬ 
ods.  Cells  were  treated  with  ethanol  vehicle  (-Ej  striped 
bars)  or  10  nw  17^-estradiol  (+E2,  solid  bars).  Each  reporter 
construct  was  included  in  at  least  six  indep)endent  transfec¬ 
tion  experiments.  Values  are  presented  as  the  mean  ±  se. 


ConsERE(+4)-CAT,  ERE2(-(-4)-CAT,  and  pS2ERE(-(-4)- 
CAT,  respectively,  were  formed,  which  contained  32  bp 
or  three  helical  turns  between  the  ERE  and  the  TATA 
sequence.  Cotransfection  experiments  carried  out  with 
these  vectors  demonstrated  that  the  consensus  ERE 
[ConsERE(+4)-CAT|  was  again  the  most  potent  activator 
of  transcription.  The  level  of  CAT  activity  attained  when 
CHO  cells  were  exposed  to  10  nw  17^-estradiol  was 
9.6-fold  greater  than  when  cells  were  maintained  in  an 
estrogen-free  environment.  However,  the  level  of  CAT 
expression  observed  when  estrogen-treated  cells  were 
transfected  with  ConsERE{-(-4)-CAT  was  55%  less  than 
when  estrogen-treated  cells  were  transfected  with  Con- 
sERE-CAT  (P  <  0.05). 

In  contrast  to  our  findings  with  the  consensus  ERE, 
in  which  the  addition  of  4  bp  led  to  a  decrease  in 
promoter  activity,  insertion  of  4  bp  between  the  pS2 
ERE  and  the  TATA  sequence  [pS2(-i-4)-CAT]  increased 
promoter  activity  by  35%  when  compared  with  the 
parental  pS2-CAT  vector  {P  <  0.05).  The  pS2  pro¬ 
moter  containing  4  additional  base  pairs  between  the 
ERE  and  the  TATA  sequence  [pS2{-(-4)-CATl  was 
again  a  more  potent  activator  of  transcription  than  the 
vitellogenin  B1  ERE2,  which  contained  4  additional 
base  pairs  [ERE2(4-4)-CAT].  No  significant  change  in 
transcription  activation  or  hormone  responsiveness 
was  observed  when  4  additional  base  pairs  were  in¬ 
serted  between  the  vitellogenin  B1  ERE2  and  the 
TATA  sequence.  Thus,  by  increasing  the  distance  be¬ 
tween  the  ERE  and  TATA  sequence  from  2.6  to  3 
helical  turns,  we  observed  decreased,  increased,  or 


similar  levels  of  transcription  with  the  consensus  ERE, 
pS2  ERE,  and  the  vitellogenin  B1  ERE2,  respectively. 

The  transfection  experiments  seemed  to  indicate 
that  transcription  of  our  reporter  plasmids  is  depen¬ 
dent  upon  the  orientation  of  the  ERE  and  TATA 
sequence.  If  this  hypothesis  is  correct,  we  should  be 
able  to  restore  transcription  to  the  levels  observed 
with  the  parent  reporter  plasmids  by  restoring  the 
orientation  of  the  ERE  and  TATA  sequence.  Therefore, 
10  bp  were  inserted  between  the  ERE  and  TATA  se¬ 
quence  in  the  parent  vectors  ConsERE-CAT,  ERE2- 
CAT,  and  pS2ERE-CAT  to  create  ConsERE(-t-IO)- 
CAT,  ERE2{+10)-CAT,  and  pS2ERE(-i- 1 0)-CAT.  The 
ERE  and  TATA  sequence  in  these  newly  synthesized 
subclones  were  separated  by  38  bp  or  3.6  helical  turns 
and  were  located  on  opposite  sides  of  the  DNA  helix. 
Thus,  the  orientation  of  the  ERE  and  TATA  sequence  in 
these  vectors  and  in  the  parent  vectors  was  nearly 
identical.  As  predicted,  the  level  of  transcription  ob¬ 
served  was  very  similar  when  the  consensus  ERE  and 
TATA  sequence  were  separated  by  2.6  or  3.6  helical 
turns.  Likewise,  the  level  of  transcription  observed  was 
very  similar  when  the  pS2  ERE  and  TATA  sequence 
were  separated  by  2.6  or  3.6  helical  turns.  The  de¬ 
creased  transcription  observed  when  cells  were  trans¬ 
fected  with  ERE2(-i-10)-CAT  may  be  due  to  the  in¬ 
creased  distance  of  the  relatively  weak  vitellogenin  B1 
ERE2  from  the  TATA  sequence.  Taken  together,  these 
transfection  studies  demonstrate  that  consensus  and 
imperfect  EREs  differentially  affect  transcription  and 
that  the  level  of  transcription  observed  is  dependent 
upon  the  orientation  of  the  ERE  and  TATA  sequence. 


DISCUSSION 

Formation  of  the  ER-ERE  Complex 

X-ray  crystallographic  studies  have  demonstrated  that 
the  ER  DNA-binding  domain  binds  to  the  consensus 
ERE  as  a  homodimer  (38).  Four  amino  acid  residues 
present  in  each  DNA-binding  domain  monomer  form 
hydrogen  bonds  with  nucleotides  present  in  the  con¬ 
sensus  ERE  (38).  Two  of  the  amino  acids  involved  in 
hydrogen  bond  formation  are  lysine  and  glutamic  acid, 
which  interact  with  the  first  guanine  residue  present  in 
the  5'-half  of  the  palindrome  and  the  adenine  residue 
present  in  the  3'-half  of  the  palindrome,  respectively, 
of  the  consensus  ERE  (GGTCAnnnTGACC,  Ref.  38). 
Thus,  it  is  not  surprising  that  a  change  in  one  of  these 
bases,  as  is  found  in  the  vitellogenin  B1  ERE2  (AGT- 
CAnnnTGACC)  or  the  pS2  ERE  (GGTCAnnnTGGCC), 
could  have  substantial  effects  on  the  ER-ERE  interac¬ 
tion.  In  the  case  of  the  vitellogenin  B1  ERE2,  the  sub¬ 
stitution  of  an  adenine  for  the  guanine  results  in  side 
chain  rearrangement  of  the  lysine  residue  (39)  and,  as 
we  have  demonstrated  in  this  study,  a  2-fold  decrease 
in  affinity  of  ER  for  the  ERE.  Although  the  specific 
contacts  between  the  ER  DNA-binding  domain  and 
the  pS2  sequence  have  not  been  defined  by  crystal- 
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lographic  analysis,  the  replacement  of  a  donor-accep¬ 
tor  residue  (adenine)  with  an  acceptor  residue  (gua¬ 
nine)  would  almost  certainly  result  in  rearrangement 
of  the  glutamic  acid  residue,  which  serves  as  a 
hydrogen  bond  acceptor  and  requires  a  donor  res¬ 
idue  for  hydrogen  bond  formation  (40),  Such  a  rear¬ 
rangement  of  the  amino  acid-base  pair  interaction 
could  explain  the  decreased  affinity  of  ER  for  the 
pS2  ERE  relative  to  the  consensus  ERE.  Our  affinity 
determinations  for  the  imperfect  EREs  are  compa¬ 
rable  to,  but  somewhat  lower  than,  the  3-  to  5-fold 
decreases  in  affinity  previously  reported  for  the  vitel¬ 
logenin  B1  ERE2  and  the  pS2  ERE  when  compared 
with  the  consensus  ERE  (9,  11,  41).  These  modest 
differences  in  relative  affinity  are  probably  due  to 
variations  in  buffer  conditions,  concentration  of  re¬ 
agents,  the  source  of  ER,  and  the  composition  of  the 
ERE-containing  DNA  fragments. 

Effects  of  ER  Affinity  on  Transcription  Activation 

The  reduced  affinity  of  the  receptor  for  the  imperfect 
EREs  was  reflected  in  their  diminished  capacity  to 
activate  transcription.  The  imperfect  EREs  were  sig¬ 
nificantly  weaker  activators  of  transcription  than  the 
consensus  ERE  in  all  of  the  reporter  constructs  we 
tested.  Although  the  imperfect  EREs  had  similar  af¬ 
finities  for  ER,  the  vitellogenin  B1  ERE2  was  a  sig¬ 
nificantly  weaker  activator  of  transcription  than  the 
pS2  ERE,  indicating  that  the  affinity  of  ER  for  an  ERE 
is  not  the  sole  determinant  involved  in  transcription 
activation.  It  is  interesting  to  note  that  the  vitelloge¬ 
nin  B1  ERE2  is  not  required  to  function  autono¬ 
mously  in  the  endogenous  gene  to  confer  estrogen 
responsiveness  since  the  X.  laevis  vitellogenin  B1 
gene  contains  two  imperfect  EREs,  ERE1  and  ERE2, 
located  in  close  proximity  (18).  Although  neither 
ERE1  nor  ERE2  is  able  to  significantly  activate  tran¬ 
scription  alone,  together  they  cooperatively  activate 
transcription  to  the  same  extent  as  a  single  consen¬ 
sus  ERE  (11).  The  pS2  gene,  in  contrast,  relies  on  a 
single  imperfect  ERE  to  confer  estrogen  responsive¬ 
ness  (19). 

Effects  of  ERE  and  TATA  Sequence  Phasing  on 
Transcription  Activation 

Our  transfection  studies  were  designed  to  assess  the 
ability  of  consensus  and  imperfect  EREs  to  activate 
transcription.  To  avoid  the  complicating  effects  of  syn¬ 
ergism  with  upstream  elements,  we  constructed  re¬ 
porter  plasmids  with  a  single  ERE  located  a  short 
distance  from  the  TATA  sequence.  Previous  studies 
have  demonstrated  that  the  TATA-binding  protein 
binds  to  the  TATA  sequence  and  bends  DNA  toward 
the  major  groove  of  the  DNA  helix  (42).  Since  this  is  the 
same  orientation  as  an  ER-induced  DNA  bend  (36),  we 
sought  to  determine  whether  changes  in  phasing  of 
the  ERE  and  TATA  sequence  would  elicit  changes  in 
transcription  of  our  simplified  promoters.  Transfection 
studies  demonstrate  that  the  consensus  ERE  was  a 


more  potent  activator  of  transcription  than  either  of  the 
imperfect  EREs  tested  but  that  proper  placement  of 
the  ERE  within  these  simplified  promoters  was  crucial 
for  maximal  transcription  activation.  The  highest  level 
of  CAT  expression  was  observed  when  estrogen-in¬ 
duced  CHO  cells  were  transfected  with  a  reporter 
plasmid  containing  the  consensus  ERE  and  TATA  se¬ 
quence  on  opposite  sides  of  the  DNA  helix  [Fig.  6, 
ConsERE-CAT,  ConsERE(+10)-CAT].  The  level  of 
CAT  activity  was  diminished  by  nearly  55%,  however, 
when  the  consensus  ERE  was  on  the  same  side  of  the 
DNA  helix  as  the  TATA  sequence  [ConsERE(-i-4)-CA'n. 
Paradoxically,  the  pS2  ERE  was  a  more  potent  acti¬ 
vator  of  transcription  when  it  was  on  the  same  side  of 
the  DNA  helix  as  the  TATA  sequence  [pS2(-t-4)ERE- 
CAT]  than  when  it  was  on  the  opposite  side  of  the  DNA 
helix  [pS2ERE-CAT,  pS2ERE(+10)-CATl.  The  level  of 
CAT  expression  observed  when  estrogen-treated 
CHO  cells  were  transfected  with  reporter  plasmids 
containing  the  vitellogenin  B1  ERE2  [ERE2-CAT, 
ERE2(+4)-CAT,  and  ERE2(+10)-CAT1  indicate  that 
this  ERE  is  a  substantially  weaker  activator  than  either 
the  consensus  or  pS2  ERE. 

Although  we  have  demonstrated  that  the  level  of 
transcription  activation  observed  with  our  simplified 
promoters  is  related  to  the  affinity  of  ER  for  an  ERE, 
differences  in  affinity  cannot  explain  how  two  imper¬ 
fect  EREs,  which  have  similar  affinities  for  ER,  acti¬ 
vate  transcription  to  different  levels  or  how  variation 
in  spacing  between  the  TATA  sequence  and  the  ERE 
can  have  such  disparate  effects  in  promoters  con¬ 
taining  the  consensus  and  pS2  EREs.  A  number  of 
studies  have  indicated  that  specific  contacts  be¬ 
tween  protein  and  DNA  are  often  accompanied  by 
conformational  changes  in  protein.  DNA,  or  both 
(43-49).  Nuclear  magnetic  resonance  and  crystal 
structure  studies  of  the  ER  DNA-binding  domain 
demonstrate  that  upon  binding  to  the  ERE,  the  ER 
DNA-binding  domain  undergoes  a  DNA-induced 
conformational  change  that  is  involved  in  formation 
of  a  dimerization  interface  (38, 39,  50).  DNA-induced 
conformational  changes  have  also  been  docu¬ 
mented  with  the  glucocorticoid  receptor  DNA-bind¬ 
ing  domain  (51,  52)  as  well  as  a  number  of  other 
transcription  factors  (43-49).  DNA  footprinting  ex¬ 
periments  with  the  glucocorticoid  receptor  DNA- 
binding  domain  suggest  that  the  receptor  confor¬ 
mation  varies  when  single-base  pair  substitutions 
are  made  in  the  glucocorticoid  response  element 
(53).  It  is  possible  that  changes  in  ER  conformation 
brought  about  by  contact  of  specific  amino  acids 
with  the  various  ERE  sequences  could  elicit  changes 
in  ER  conformation,  which  would  influence  ER-pro- 
tein  interactions  and  lead  to  changes  in  transcription 
activation.  We  cannot  at  this  point,  however,  rule  out 
the  possibility  that  the  orientation  of  the  ER-induced 
DNA  bend  is  different  for  the  consensus  and  imper¬ 
fect  EREs.  Changes  in  orientation  of  the  ER-induced 
bends  could  account  for  differential  ER-protein  in¬ 
teraction  and  variations  in  transcription  activity. 
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ER-Induced  Bending  of  DNA  Fragments 
Containing  Consensus  and  Imperfect  EREs 

Partially  purified,  yeast-expressed  receptor  was  ini¬ 
tially  used  to  determine  that  ER  binding  induces  a  65° 
bend  in  DNA  fragments  containing  either  the  consen¬ 
sus  or  imperfect  EREs.  These  results  contrast  with 
studies  of  thyroid  receptor-induced  DNA  bending,  in 
which  thyroid  hormone  receptor  binding  induced 
smaller  bends  in  DNA  fragments  containing  imperfect 
thyroid  response  elements  than  in  DNA  fragments 
containing  consensus  thyroid  response  elements  (26). 
To  be  certain  that  the  yeast-expressed  hER  did  not 
provide  anomalous  results,  we  also  used  ER  ex¬ 
pressed  in  mammalian  cells,  which  might  contain  re¬ 
ceptor-associated  factors  required  for  ER  binding  as 
well  as  a  receptor  population  that  was  more  appropri¬ 
ately  processed.  Although  there  were  distinct  differ¬ 
ences  in  the  proteins  present  in  these  extracts,  both 
the  partially  purified,  yeast-expressed  hER  and  the  ER 
present  in  CHO-ER  nuclear  extracts  formed  ER-DNA 
complexes  that  migrated  very  similarly. 

Although  we  observed  no  differences  in  the  migra¬ 
tion  of  the  ER-DNA  complexes  with  DNA  fragments 
containing  either  consensus  or  imperfect  EREs  using 
ER  from  two  different  sources,  significantly  more  of 
the  yeast-expressed  hER  (285-570  fmol)  was  used  for 
gel  shift  analysis  than  CHO-ER-expressed  receptor 
(20  fmol).  We  believe  that  the  large  excess  of  yeast- 
expressed  hER  required  for  ER-DNA  complex  forma¬ 
tion  may  result  from  1)  the  inability  of  the  yeast  cells, 
which  express  extremely  high  levels  of  ER,  to  carry  out 
all  of  the  necessary  posttranslational  modifications  re¬ 
quired  for  efficient  DNA  binding,  2)  partial  denaturation 
of  the  receptor  during  elution  from  the  estradiol  affinity 
column  with  5  m  urea  resulting  in  a  portion  of  the 
receptor  population  that  is  capable  of  binding  hor¬ 
mone,  but  incapable  of  binding  DNA,  or  3)  removal  of 
proteins  during  purification  that  enhance  or  stabilize 
ER  binding  to  DNA.  Although  such  auxiliary  proteins 
have  been  described  in  MCF-7,  HeLa,  and  yeast  sys¬ 
tems  as  well  as  the  CHO-ER  cells  we  have  used  in 
these  studies  (31-33),  the  loss  of  a  stabilizing  cofactor 
seems  unlikely  since  the  relative  mobility  of  the  ER- 
DNA  complexes,  which  is  an  indication  of  the  size  and 
number  of  proteins  involved,  was  very  similar  for  the 
partially  purified  yeast-expressed  hER  and  the  ER 
present  in  CHO-ER  nuclear  extracts.  In  addition,  since 
recovery  of  ER-associated  proteins  appears  to  be  fa¬ 
vored  when  the  receptor  is  occupied  by  estrogen  (32) 
and  our  ER  purification  procedure  used  an  estradiol 
affinity  column  and  elution  with  estrogen  (25),  the  pu¬ 
rification  process  may  have  actually  favored  the  iso¬ 
lation  of  ER  with  any  associated  accessory  protein(s). 

Regulation  of  Estrogen-Responsive  Genes 

The  regulation  of  the  simplified  promoters  we  have 
used  in  these  studies  does  not  approximate  the  level 
of  complexity  involved  in  modulation  of  endogenous 


estrogen-responsive  genes.  The  distance  between  an 
ERE  and  the  TATA  sequence  in  an  endogenous  gene 
is  typically  greater  than  the  2.6-3.6  helical  turns  we 
have  used  in  our  reporter  constructs.  However,  the 
presence  of  multiple  transcription  factor-binding  sites 
in  endogenous  promoters  may  provide  the  framework 
around  which  a  network  of  protein-protein  contacts 
could  be  formed  and  allow  communication  between 
proteins  bound  to  distant  sites.  Thus,  our  transfection 
studies  may  provide  important  clues  to  help  define 
how  endogenous  estrogen-responsive  genes  func¬ 
tion.  First,  the  affinity  of  ER  for  the  ERE  is  an  important 
indicator  of  the  ability  of  an  individual  ERE  to  activate 
transcription  but  is  not  a  guaranteed  predictor  of  the 
transcriptional  strength.  Second,  the  location  of  an 
ERE  within  the  promoter  appears  to  be  an  important 
determinant  of  the  level  of  gene  expression.  ER  bind¬ 
ing  is  almost  certainly  influenced  by  interaction  with 
transcription  factors  bound  to  adjacent  and/or  more 
distally  located  regulatory  sequences.  Third,  the  mag¬ 
nitude  and  orientation  of  DNA  bends  induced  by  bind¬ 
ing  of  ER  and  other  transcription  factors  may  be  cru¬ 
cial  in  determining  the  level  of  transcription  activation 
achieved.  Appropriately  oriented  DNA  bends  could 
facilitate  protein-protein  interactions  and  provide  the 
appropriate  structural  framework  around  which  an  ac¬ 
tive  transcription  complex  is  formed. 


MATERIALS  AND  METHODS 
Preparation  of  Vectors 

The  circularly  permuted,  ERE-containing  Bend  III  vectors 
BSConsERE,  B3ERE2.  and  B3pS2ERE  were  constructed  us¬ 
ing  the  oligos 

5’-CTAGATTACAGGTCACAGTGACCTrACTCA-3'  and 
5 '  -GATCTGAGTAAGGTCACTGTGACCTGTAAT-3 ' ; 
5'-CTAGATTACCAGTCACTGTGACCCTACTCA-3'  and 
5'-GATCTGAGTAGGGTCACAGTGACTGGTAAT-3':  and 
5'-CTAGATTACAGGTCACGGTGGCCATACTCA-3'  and 
5'-GATCTGAGTATGGCCACCGTGACCTGTAAT-3  ’ ,  re¬ 
spectively.  The  annealed  oligos,  which  contained  Xbal  and 
BglU  compatible  ends,  were  ligated  to  the  BglW  cut  pCY7  (54). 
Smal  digestion  and  Klenow  fill-in  of  the  Xbal  site  was  carried 
out  to  create  two  blunt  ends.  This  blunt-ended  DNA  fragment 
was  ligated  and  transformed  into  the  Sure  (Stratagene,  La 
Jolla,  CA)  strain  of  Escherichia  coli.  After  screening  and  se¬ 
quencing,  the  plasmids  were  purified  using  cesium  chloride 
density  gradient  centrifugation. 

For  transcription  activation  studies,  the  consensus  ERE, 
vitellogenin  B1  ERE2,  and  pS2ERE  oligos  listed  above  were 
annealed  and  ligated  to  Xbal-  and  Sg/ll-digested  TATA-CAT 
(16).  The  ligation  products  (ConsERE-CAT,  ERE2-CAT,  and 
pS2ERE-CAT,  respectively)  were  used  to  transform  £  cells. 
ConsERE(+4)-CAT,  ERE2(-4)-CAT,  and  pS2ERE(+4)-CAT 
were  constructed  by  cutting  ConsERE-CAT,  ERE2-CAT,  and 
pS2ERE-CAT,  resp^ively,  with  BglW,  filling  in  with  Klenow, 
and  ligating  the  blunt  ends.  ConsERE(+10)-CAT,  ERE2(+10)- 
CAT,  and  pS2ERE(+10)-CAT  were  constructed  by  cutting 
ConsERE-CAT,  ERE2-CAT,  and  pS2ERE-CAT,  respectively, 
with  BglW  and  ligating  the  annealed  oligos  5'-GATCGCG- 
CCT-3'  and  5'-GATCAGGCGC-3'.  The  sequence  of  each 
plasmid  was  verified  by  sequence  analysis.  All  plasmids  were 
purified  in  two  sequential  cesium  chloride  density  gradient 
centrifugation  steps. 
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To  calculate  the  number  of  base  pairs  separating  the  ERE 
and  TATA  sequence,  the  second  nucleotide  present  in  the 
3-bp  spacer  between  the  ERE  half-palindromes  and  the  mid¬ 
dle  of  the  8-bp  TATA  sequence  were  used  (55). 

Gel  Mobility  Shift  Assays 

The  circular  permutation  vectors,  B3ConsERE,  B3pS2ERE, 
and  B3ERE2,  were  digested  with  EcoR  I,  H/ndlll,  EcoRV, 
Nhei,  or  SamHI  to  produce  427-bp  DNA  fragments  A,  B,  C,  D, 
and  E  containing  an  ERE  at  the  ends  (fragments  A  and  E),  at 
intermediate  positions  (fragments  B  and  D),  or  in  the  middle 
(fragment  C)  of  the  DNA  fragments.  Labeling  and  purification 
of  the  ERE-containing  DNA  fragments  was  carried  out  as 
previously  described  (25,  30). 

For  gel  retardation  assays  with  partiaily  purified,  yeast- 
expressed  hER,  285-570  fmol  of  receptor  were  incubated 
with  10  /xg  BSA,  1  p.g  polydeoxyinosine-polydeoxycytidine 
acid  (poly  dl/dC),  15  mw  Tris,  pH  7.9,  0.2  mw  EDTA,  4  mw 
dithiothreitol,  10%  glycerol,  and  20  mM  KCI  for  15  min  at  4  C 
to  bind  nonspecific  proteins.  ^^P-Labeled  DNA  fragments 
(5000  cpm)  were  then  added  (20  jil  final  volume)  and  incu¬ 
bated  at  room  temperature  for  15  min.  For  gel  shift  assays 
with  CHO-ER  nuclear  extracts,  20  fmol  of  receptor  were 
incubated  with  1  ^g  sheared,  sonicated  salmon  sperm  DNA, 
1  p.g  poly  dl/dC,  15  mw  Tris,  pH  7.9,  0.2  mw  EDTA,  4  mM 
dithiothreitol,  10%  glycerol,  and  40  mM  KCI  tor  15  min  at  4  C. 
After  addition  of  the  ^^P-labeied  DNA,  the  mixture  was  incu¬ 
bated  at  room  temperature  for  1 5  min.  Protein-DNA  mixtures 
were  fractionated  on  low  ionic  strength  acrylamide  gels  (56) 
at  4  C  with  buffer  recirculation.  The  monoclonal  antibody 
H222  (1.5  fxg)  was  inciuded  in  the  incubation  mixture  for 
supershift  experiments.  Competition  assays  contained  45  ng 
of  54-bp  DNA  fragments  containing  either  an  ERE  or  a  non¬ 
specific  DNA  sequence  (Fig.  1,  panel  B)  or  the  indicated 
amounts  of  excess  unlabeled  annealed  oligos  containing  ei¬ 
ther  the  consensus  ERE,  the  vitellogenin  B1  ERE2,  or  the  pS2 
ERE  sequence  (Fig.  2).  Quantification  of  the  ER-DNA  com¬ 
plex  and  free  probe  present  in  individual  lanes  was  carried 
out  using  a  Phosphorlmager  (Molecular  Dynamics,  Sunny¬ 
vale,  CA)  and  Image  Quant  software.  DNA-bending  stan¬ 
dards  (5;^  were  prepared  as  previously  described  (25,  30). 

Cell  Culture  and  Preparation  of  ER-Containing 
Cell  Extracts 

CHO  cells  were  maintained  in  a  5%  CO2  atmosphere  in 
DM  E/FI  2  supplemented  with  5%  charcoai  dextran-treated 
(58)  calf  serum.  CHO-ER  cells  were  maintained  in  phenol 
red-free  DME/F12  containing  10%  heat-inactivated,  iron- 
supplemented  calf  serum,  100  U/ml  penicillin,  100  ji.g/ml 
streptomycin,  and  25  /xg/ml  gentamycin  with  40  hm  cadmium 
chloride  and  50  ^im  zinc  sulfate  added  when  media  were 
changed.  Nuclear  extracts  were  prepared  from  CHO-ER  cells 
that  had  been  exposed  to  150  /xm  zinc  sulfate  for  24  h  to 
induce  ER  production.  Cells  were  rinsed  with  HBSS,  har¬ 
vested  with  HBSS  containing  1  mM  EDTA,  and  pelleted  at  800 
X  g.  The  cells  were  counted,  resuspended  in  serum-free 
medium  at  10®  cells/ml,  and  incubated  with  80  om  17j8- 
estradiol  for  40  min  at  37  C.  Cells  were  then  pelleted  and 
resuspended  in  1  ml  cold  TE  (10  mM  Tris,  pH  8.0,  with  1  mM 
EDTA)  and  incubated  for  3  min  at  4  C.  The  cells  were  pelleted, 
resuspended  in  50  mM  Tris,  pH  7.4,  7.5  mM  EDTA,  and  10% 
glycerol  with  protease  inhibitors  (50  /xg/ml  leupeptin,  1  ^g/ml 
pepstatin,  5  fxg/ml  phenylmethylsulfonylfluoride,  and  5  fxg/ml 
aprotinin)  and  homogenized  in  a  Dounce  homogenizer  using 
45  strokes  with  a  B  pestle.  The  nuclei  were  pelleted  for  10  sec 
at  16,000  X  g  and  resuspended  in  50  mM  Tris,  pH  8.5,  7.5  mM 
EDTA,  0.5  M  KCI,  and  10%  glycerol  with  protease  inhibitors 
for  30  min.  The  nuclear  debris  was  pelleted  at  1 80,000  x  g  for 
20  min  at  4  C.  The  supernatant  was  aliquoted  and  stored  at 
-80  C.  Partially  purified  yeast-expressed  hER  was  prepared 


as  previously  described  (25).  Briefly,  stably  transfected  yeast 
cells,  which  had  been  exposed  to  copper  to  induce  ER  ex- 
presion,  were  pelleted  and  lysed  in  a  Bead  Beater  apparatus 
(BioSpec  Products,  Bartlesville,  OK),  according  to  the  man¬ 
ufacturer's  instructions,  in  a  buffer  that  contained  200  mM 
Tris,  pH  9.0,  100  mM  NaCI,  1  mM  EDTA,  1  mM  EGTA,  1  mM 
dithiothreitol,  1  m  urea,  1  %  dimethylsulfoxide,  and  protease 
inhibitors.  The  lysate  was  centrifuged  at  30,000  x  g.  The 
supernatant  was  adjusted  to  0.7  m  NaCI  and  then  applied  to 
a  25-ml  estradiol-Sepharose  column  (59).  The  column  was 
washed  successively  with  loading  buffer,  loading  buffer  con¬ 
taining  0.4  M  NaCI  and  3  m  urea,  and  loading  buffer  containing 
0.1  M  NaCI  and  5  m  urea.  Bound  ER  was  eluted  with  2  x  10”® 
M  pHJestradiol  (specific  activity  =  900  dpm/pmol)  in  a  buffer 
that  contained  25  mM  Tris,  pH  7.4, 100  mM  NaCI,  1  mM  EDTA, 
2  mM  dithiothreitol,  and  5  m  urea. 

CHO  Cell  Transfections 

Transfections  were  carried  out  as  described  (36).  Briefly, 
calcium  phosphate  crystals  formed  in  the  presence  of  3  ^g 
CAT  reporter  plasmid,  0.2  fig  of  the  p-galactosidase  vector, 
pCHIIO  (Pharmacia,  Piscataway  NJ),  5  ng  of  the  hER  ex¬ 
pression  plasmid,  pCMV5  hER  (37),  and  4.8  /xg  pTZ18U  were 
incubated  with  CHO  cells  for  16  h  followed  by  a  3-min  20% 
glycerol  shock.  Cells  were  maintained  in  complete  medium 
containing  either  0.1%  ethanol  or  10  nM  178-estradiol  for 
26-28  h.  Harvested  cells  were  pelleted  and  resuspended  in 
100  (xl  250  mM  Tris,  pH  7.8.  After  three  freeze-thaw  cycles, 
the  cell  lysate  was  pelleted,  and  the  protein  concentration  of 
the  supernatant  was  determined  using  the  Bio-Rad  (Her¬ 
cules,  CA)  protein  assay  with  BSA  as  a  standard.  The  mixed 
phase  CAT  assay  was  perfomned  using  20  or  35  ^g  protein  as 
previously  described  (60).  8-Galactosidase  activity  was  de¬ 
termined  as  described  (61)  and  used  to  normalize  the  amount 
of  CAT  activity  in  each  sample.  Determination  of  variance  was 
followed  by  two-sample  f  tests  to  determine  whether  statis¬ 
tical  differences  between  groups  existed  using  SAS  and 
Microsoft  Excei. 
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Fig.  1.  Partially  Purified  Yeast-Expressed  hER  Interacts 
Specifically  with  DNA  Fragments  Containing  Consensus  and 
Imperfect  EREs 

Partially  purified,  yeast-expressed  hER  (285  fmol)  was  in¬ 
cubated  with  427-bp  ^^P-labeled  DNA  fragments,  each  con¬ 
taining  either  the  consensus  ERE,  the  vitellogenin  B1  ERE2, 
or  the  pS2  ERE  near  the  3'-end.  ER-DNA  mixtures  were 
fractionated  on  a  nondenaturing  acrylamide  gel.  The  gel  was 


logenin  B1  ERE2  (AGTCAnnnTGACC,  Ref.  18)  and  the 
human  pS2  ERE  (GGTCAnnnTGGCC,  Ref.  19),  differ 
from  the  consensus  vitellogenin  A2  ERE  by  a  single 
nucleotide  in  either  the  5'-  or3'-half  of  the  palindrome, 
respectively.  We  have  determined  the  affinity  of  ER  for 
the  consensus  and  imperfect  ERE  sequences,  the 
magnitude  of  the  ER-induced  DNA  bending  in  DNA 
fragments  containing  either  a  consensus  or  an  imper¬ 
fect  ERE  sequence,  and  the  ability  of  simplified  re¬ 
porter  constructs  containing  consensus  and  imperfect 
EREs  to  impart  estrogen-induced  transcription  activa¬ 
tion. 


RESULTS 

Partially  Purified,  Yeast-Expressed  Human  ER 
(hER)  Binds  Specifically  to  the  Consensus  ERE, 
the  Vitellogenin  B1  ERE2,  and  the  pS2  ERE 

Because  much  of  our  investigation  involves  the  inter¬ 
action  of  ER  with  ERE-containing  DNA  fragments  in 
electrophoretic  assays,  we  wanted  to  be  sure  that  the 
protein-DNA  complexes  we  observed  were  ER-spe- 
cific.  “P-labeled  DNA  fragments  (427  bp)  containing 
either  the  X.  laevis  vitellogenin  A2  consensus  ERE,  the 
X.  laevis  vitellogenin  B1  ERE2,  or  the  human  pS2  ERE 
were  incubated  with  partially  purified,  yeast-ex¬ 
pressed  hER.  When  this  protein-DNA  mixture  was 
fractionated  on  a  nondenaturing  acrylamide  gel,  one 
major  protein-DNA  complex  was  observed  (Fig.  1, 
panel  A,  ER->)  as  well  as  a  minor,  more  rapidly  mi¬ 
grating  complex.  To  determine  whether  ER  binding 
was  responsibie  for  the  formation  of  these  complexes, 
antibody  supershift  assays  were  carried  out.  When  the 
ER-specific  monoclonal  antibody  H222  was  included 
in  the  binding  reaction  with  the  ®®P-iabeled  DNA  frag¬ 
ments  and  the  yeast-expressed  hER,  both  the  major 
and  the  minor  protein-DNA  complexes  were  super- 
shifted  (Fig.  1,  panel  A,  ER-Ab->).  Thus,  ER  was 
present  in  both  of  the  complexes  observed  with  each 
of  the  EREs.  The  presence  of  the  minor  complex  may 
reflect  ER  proteolysis,  the  presence  of  a  slightly  dif¬ 
ferent  population  of  proteins  involved  in  ER  interaction 
with  the  ERE,  or  a  combination  of  these  events. 

To  demonstrate  that  the  ER  interacted  specifically 
with  the  ERE  present  in  the  large  DNA  fragments  used, 
competition  assays  were  carried  out.  The  427-bp  ®®P- 
labeled  DNA  fragments  containing  either  the  consen- 


dried  and  subjected  to  autoradiography.  Panel  A,  The  ER- 
specific  antibody  H222  was  included  in  the  ER-DNA  incuba¬ 
tions  as  indicated  (Ab  -i-).  Free  DNA,  ER-DNA  complexes 
(ER),  and  ER-DNA  complexes  containing  H222  (ER-Ab)  are 
indicated  to  the  left  of  the  autoradiogram.  Panel  B,  No  addi¬ 
tional  competitor  DNA  (-)  or  45  ng  of  a  54-bp  DNA  fragment 
containing  either  a  single  consensus  ERE  (ERE)  or  a  nonspe¬ 
cific  DNA  sequence  (NS)  were  included  in  the  binding 
reaction. 
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sus  ERE,  the  vitellogenin  B1  ERE2,  or  the  pS2  ERE 
were  incubated  with  the  yeast-expressed  hER  in  the 
absence  or  in  the  presence  of  a  54-bp  DNA  fragment 
containing  either  a  nonspecific  DNA  sequence  or  the 
consensus  ERE.  The  DNA  fragment  containing  a  con¬ 
sensus  ERE,  but  not  the  DNA  fragment  containing  the 
nonspecific  DNA  sequence,  was  capable  of  success¬ 
fully  competing  for  ER  binding  (Fig.  1 ,  panel  B).  Thus, 
the  receptor  interacted  specifically  with  each  of  the 
ERE-containing  DNA  fragments  used  in  these  studies. 

The  Affinity  of  the  ER  for  the  Consensus  ERE  is 
2-Fold  Higher  Than  for  Either  the  Vitellogenin  B1 
ERE2  or  the  pS2  ERE 

The  expression  of  ERE-containing  target  genes  is  in¬ 
fluenced  by  the  affinity  of  the  ER  for  the  ERE.  We  noted 
that  although  the  migration  of  the  ER-DNA  complexes 
in  our  electrophoretic  mobility  shift  assays  was  very 
similar  for  each  of  the  EREs  tested,  there  was  a  no¬ 
ticeable  difference  in  the  amount  of  ER-DNA  complex 
formed.  More  ER-DNA  complex  was  formed  with  DNA 
fragments  containing  the  consensus  ERE  than  with 
DNA  fragments  containing  either  the  vitellogenin  B1 
ERE2  or  pS2  ERE.  To  determine  whether  this  differ¬ 
ence  in  complex  formation  was  due  to  a  difference  in 
the  affinity  of  ER  for  the  consensus  and  imperfect 
EREs,  competition  experiments  were  carried  out.  The 
yeast-expressed  hER  was  incubated  with  the  “P-la- 
beled  DNA  fragment  containing  a  consensus  ERE  in 
the  absence  and  in  the  presence  of  increasing 
amounts  of  unlabeled  annealed  oligos  containing  ei¬ 
ther  the  consensus  ERE  sequence,  the  vitellogenin  B1 
ERE2  sequence,  or  the  pS2  ERE  sequence.  The  oligo 
containing  the  consensus  ERE  competed  most  effec¬ 
tively  for  ER  binding  (Fig.  2,  panel  A).  A  50%  reduction 
in  ER-DNA  complex  formation  was  observed  when  0.2 
pmol  of  the  unlabeled  oligo  containing  the  consensus 
ERE  was  included  in  the  binding  reaction  (panel  B).  In 
contrast,  nearly  0.5  pmol  of  the  pS2  ERE  or  the  vitel¬ 
logenin  B1  ERE2  oligo  was  required  to  successfully 
reduce  binding  of  ER  to  the  ^^P-labeled  DNA  fragment 
to  50%.  Thus,  the  affinity  of  the  ER  was  about  2-fold 
higher  for  the  consensus  ERE  than  for  either  of  the 
imperfect  EREs. 

The  Yeast-Expressed  hER  Bends  DNA  Fragments 
Containing  the  Consensus  ERE,  the  Vitellogenin 
B1  ERE2,  and  the  pS2  ERE  to  the  Same  Extent 

A  number  of  studies  have  demonstrated  that  binding 
of  transcription  factors,  including  a  number  of  steroid 
hormone  receptors,  induces  DNA  to  bend  (20-30). 
However,  all  of  the  studies  investigating  the  role  of 
ER-induced  DNA  bending  thus  far  have  been  carried 
out  using  the  consensus  ERE  (24, 25, 30).  To  compare 
the  bending  angles  induced  by  ER  binding  to  DNA 
fragments  containing  consensus  and  imperfect  EREs, 
the  circular  permutation  vectors  B3ConsERE, 
B3ERE2,  and  B3pS2ERE  were  digested  with  appro¬ 
priate  restriction  enzymes  to  produce  427-bp  DNA 
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Fig.  2.  Partially  Purified  Yeast-Expressed  hER  Has  Higher 
Affinity  for  the  Consensus  ERE  Than  for  the  Vitellogenin  B1 
ERE2  or  the  pS2  ERE 

Panel  A,  “P-labeled  DNA  fragments  each  containing  a 
single  consensus  ERE  virere  incubated  in  the  absence  or  in 
the  presence  of  increasing  amounts  (0,  0.19,  0.48,  0.96,  or 
1 .9  pmol)  of  unlabeled  annealed  oligos  containing  either  the 
consensus  ERE,  the  vitellogenin  B1  ERE2,  or  the  pS2  ERE. 
The  ER-DNA  complexes  were  fractionated  on  an  acrylamide 
gel.  The  gel  was  processed  as  described  in  Fig.  1 .  Panel  B, 
The  amount  of  ER-ERE  complex  was  set  at  100%  and  the 
extent  of  binding  inhibition  is  indicated.  Data  from  seven 
competition  experiments  were  combined  and  values  are  pre¬ 
sented  as  the  mean  ±  se. 


fragments,  each  of  which  contained  either  the  consen¬ 
sus  ERE,  the  vitellogenin  B1  ERE2,  or  the  pS2  ERE 
located  at  various  positions  within  the  DNA  fragment. 
The  base  pair  composition  of  these  large  DNA  frag¬ 
ments  was  identical,  except  for  the  ERE  sequence. 
After  end-labeling  and  purification,  the  427-bp  DNA 
fragments  were  incubated  with  yeast-expressed  hER 
and  fractionated  on  a  nondenaturing  acrylamide  gel. 
The  migration  patterns  of  the  ER-DNA  complexes, 
regardless  of  whether  the  DNA  fragments  contained  a 
consensus  or  an  imperfect  ERE,  were  very  similar. 
When  the  ERE  was  located  near  the  end  of  the  DNA 
fragment,  the  ER-DNA  complexes  migrated  more  rap¬ 
idly  (Fig.  3,  fragments  A  and  E)  than  when  the  EREs 
were  at  intermediate  positions  within  the  DNA  frag- 
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INTRODUCTION 

The  estrogen  receptor  (ER)  is  a  member  of  the  nuclear  hormone  receptor  family  of  transcription 
factors.  In  addition  to  the  steroid  receptors,  the  super-family  includes  receptors  for  thyroid 
hormone  and  vitamins  such  as  retinoic  acid  and  vitamin  D.  A  number  of  other  orphan  nuclear 
receptors,  whose  ligands  have  yet  to  be  identified,  have  been  described  as  well  [1].  For  ER,  as 
well  as  other  steroid  receptors,  binding  of  ligand  results  in  activation  of  the  receptor,  a  process  that 
includes  conformational  changes,  posttranslational  modifications,  and  changes  in  receptor-protein 
interactions.  These  changes  enable  the  receptor  to  bind  with  high  affinity  to  cw-acting  hormone 
response  elements  (HREs),  typically  positioned  upstream  of  hormone-responsive  genes.  Once 
bound  to  these  sites,  the  activated  receptor  modulates  the  rate  of  transcription  of  responsive  genes. 

Although  much  has  been  learned  about  the  behavior  of  ER  functional  domains  and  the  nature  of 
target  DNA  sequences,  the  molecular  details  of  ER-mediated  transcriptional  regulation  remain 
unclear.  It  is  possible  that  ER  enhances  the  formation  of  an  RNA  polymerase  n  preinitiation 
complex  by  stabilizing  or  recruiting  the  assembly  of  a  template-committed  complex  of  transcription 
factors.  For  progesterone  receptor  (PR),  such  a  stablized  complex  is  postulated  to  be  poised  for 
rapid  initiation  of  transcription  by  the  polymerase  and  includes  multiple  factors  other  than  receptor, 
such  as  TFIID,  HA,  HE,  and  IIE/F  [2].  The  precise  roles  of  each  of  these  factors  in  the  initiation 
process  are  only  partially  understood.  What  is  clear,  however,  is  that  steroid  receptors  do  not  act 
in  isolation,  but  rather  in  concert  with  various  receptor-associated  proteins. 

The  identities  and  functions  of  receptor-associated  proteins  are  only  beginning  to  emerge.  Steroid 
receptors  can  interact  with  other  transcription  activators  (eg.  AP-1)  [3]  as  well  as  various  co¬ 
regulators  (eg.  CBP  and  SRC-1)  [4-6]  and  members  of  the  basal  transcription  apparatus.  For 
example,  the  basal  transcription  factor  TFllB  interacts  with  both  the  progesterone  and  estrogen 
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receptors  in  vitro  [7].  Furthermore,  as  measured  by  an  in  vitro  assay,  TFIIB  was  able  to  stimulate 
receptor-mediated  transcriptional  activation,  suggesting  that  interaction  of  the  receptors  with  I  Fiik 
may  be  a  critical  component  to  receptor-mediated  activation.  Still  other  reports  suggest  that  nuclear 
accessory  factors  or  coactivators  are  needed  for  receptor-mediated  transactivation.  A  55-kDa 
nuclear  accessory  factor  (NAF)  appears  to  be  essential  for  maximal  binding  of  the  vitamin-D 
receptor  to  the  vitamin-D  response  element  from  the  human  osteocalcin  promoter  [8].  Similarly,  a 
65-kDa  factor  termed  triiodothyronine  receptor-auxiliary  protein  (TRAP),  which  exhibits  limited 
independent  DNA  binding,  enhances  thyroid  receptor  binding  to  DNA  [9].  The  non-histone  high 
mobility  group  chromatin  protein,  HMG-1,  can  substitute  for  an  unidentified  factor  present  in 
partially  purified  PR  fractions  and  is  responsible  for  promoting  PR-DNA  binding  [10].  More 
recent  studies  have  identified  a  protein,  Trip-1  (thyroid  hormone  receptor  interacting  protein),  that 
interacts  with  both  thyroid  hormone  receptor  (TR)  and  retinoic-X  receptor  (RXR)  in  a  ligand- 
dependent  fashion  [11].  Trip  1  has  significant  homology  with  the  yeast  transcriptional  mediator 
Sugl.  Significantly,  Tripl  can  functionally  substitute  for  Sugl  in  yeast,  and  both  proteins  interact 
in  vitro  with  the  thyroid  hormone  receptor. 

Identification  of  proteins  that  associate  with  activated  ER  has  been  the  focus  of  many  recent 
investigations.  TIFl  was  identified  as  a  protein  which  stimulated  RXR  transcriptional  activity  in 
yeast  and  was  subsequently  shown  to  potentiate  ER  activity  as  well  [12].  Another  study  identified 
a  45-kDa  single-strand  DNA-binding  protein  (DNA-binding  stimulatory  factor;  DBSF)  that 
stimulated  the  interaction  of  purified  ER  with  an  estrogen  response  element  (ERE)  in  vitro  [13]. 
Biochemical  analysis  recently  revealed  a  160-kDa  ER-associated  protein  (ERAP160)  that  exhibits 
estradiol-dependent  binding  to  the  receptor  [14].  Significantly,  mutational  analysis  of  the  receptor 
demonstated  that  its  ability  to  activate  transcription  paralleled  its  ability  to  bind  ERAP160. 
Furthermore,  antiestrogens  were  unable  to  promote  ERAP160  binding  and  could  block  the 
estrogen-dependent  association  in  a  dose-dependent  manner.  In  a  similar  study,  another  set  of  ER- 
associated  proteins  (receptor-interacting  proteins;  RIPs)  were  identified  by  two  in  vitro  techniques. 
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GST  pull-down  assay  and  far-Westem  blotting  [15].  The  far-Westem  technique  identified  three 
RIPs  with  molecular  masses  of  160,  140  and  80  kDa.  The  GST  pull-down  assay  failed  to  detect 
RIP140  and  RIP80,  but  did  detect  RIP160  as  well  as  two  additional  RIPs  with  molecular  weights 
of  100  and  50  kDa.  Importantly,  these  interactions  were  only  observed  with  the  transcriptionally 
active,  estrogen-occupied  ER  and  were  abolished  by  antiestrogens.  It  is  thought  that  these  proteins 
may  contribute  to  hormone-dependent  transcriptional  activation  by  ER.  A  recent  study  suggests 
that  CREB  binding  protein  (CBP)  may  represent  a  common,  limiting  factor  that  integrates  the 
transcriptional  activities  of  nuclear  receptors  by  interacting  with  both  receptor  and  SRC-1,  pi 60, 
and  pl40  co-activators  [4],  In  addition,  we  have  previously  described  four  proteins,  including 
hsp70,  protein  disulfide  isomerase  (PDI),  and  two  unknown  proteins  (p48  and  p45),  that  copurify 
with  ER  using  three  chromatographic  techniques  [16].  Gel  shift  experiments  demonstrated  that 
these  ER-associated  proteins  influenced  the  ER-ERE  interaction  [16].  Thus,  while  a  number  of 
receptor-asociated  proteins  have  been  identified,  the  mechanisms  by  which  these  proteins  alter  ER 
activity  in  vivo  is  still  unknown. 

Because  many  prokaryotic  and  eukaryotic  transcription  factors  alter  DNA  structure  upon  binding 
to  their  recognition  sequences  [17-22],  it  has  been  proposed  that  DNA  distortion  and  bending  may 
be  involved  in  transcription  activation.  Several  members  of  the  nuclear  receptor  superfamily 
including  estrogen,  progesterone,  thyroid,  retinoid  X,  and  glucocorticoid  receptors  and  the  orphan 
receptor  RORa  induce  conformational  changes  in  DNA  structure  upon  binding  to  their  cognate 
recognition  sequences  [23-29].  The  TATA  binding  protein,  which  is  instrumental  in  forming  the 
basal  transcription  initiation  complex,  also  induces  a  sharp  bend  in  DNA  [30]. 

Evidence  to  support  a  role  for  DNA  bending  in  transcription  activation  includes  the  observation  that 
intrinsically  bent  DNA  can  replace  a  protein  binding  site  in  the  promoter  and  mediate  either 
repression  or  activation  of  transcription  in  a  number  of  systems  [31-34].  The  ER  DNA-binding 
domain,  which  is  less  effective  in  activating  transcription  than  full  length  ER,  binds  specifically  to 


5 


Landel  et  al. 


the  ERE  and  induces  a  34°  distortion  angle  in  ERE-containing  DNA  fragments  [26].  The  full- 
length  human  ER,  when  expressed  in  yeast,  MCF-7,  or  COS  cells,  induces  a  significantly  larger 
56-65°  distortion  angle  [34,  35].  Thus  there  appears  to  be  a  relationship  between  the  magnitude  of 
DNA  bending  and  transcription  activation.  Because  these  earlier  experiments  with  the  full-length 
ER  utilized  a  complex  array  of  cellular  proteins  in  addition  to  the  receptor,  it  was  of  interest  to 
examine  the  ER-ERE  interaction  using  more  highly  purified  ER  preparations  to  determine  if  ER- 
associated  proteins  influence  ER-induced  DNA  distortion  and/or  bending. 

In  this  study,  extracts  from  CHO-ER  cells  [36],  which  express  high  levels  of  human  ER,  were 
used  as  a  source  of  affinity  purified  ER  to  examine  the  effects  of  several  associated  proteins 
(hsp70,  PDI,  p45,  p48)  on  ER-ERE  interactions  in  filter  binding  and  electrophoretic  mobility  shift 
assays.  Surprisingly,  we  find  that  one  or  more  of  these  proteins  influences  the  absolute  ability  of 
purified  ER  to  interact  with  ERE,  but  not  the  rate  of  association  or  dissociation  of  ER  and  ERE.  In 
addition,  the  same  ER-associated  proteins  significantly  influence  the  magnitude,  but  not  the 
direction,  of  ER-induced  bending  of  ERE-containing  DNA  fragments.  Higher  order  ER-ERE- 
protein  complexes  displayed  distorion  angles  as  high  as  97°,  compared  to  62-66°  for  the  smaller 
and  more  abundant  ER-ERE  complexes  normally  observed.  Our  results  suggest  that  one  or  more 
ER-associated  proteins  may  play  an  important  role  in  both  the  DNA  binding  and  bending  activities 
of  ER  and  thus  contribute  to  the  overall  transcriptional  stimulation  of  target  genes. 

MATERIALS  AND  METHODS 

Culture  of  mammalian  cells 

CHO-ER  cells  [36]  were  cultured  in  Dulbecco's  Modified  Eagle  Medium/Ham  F-12  Nutrient 
Mixture  (1:1;  Sigma,  St.  Louis,  MO)  without  phenol  red  (Sigma)  with  10%  iron-supplemented 
newborn  calf  serum  (Sigma)  that  did  not  require  charcoal  treatment,  as  previously  described  [16], 
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44  mM  NaHC03,  IX  antibiotic-antimycotic  liquid  (penicillin,  streptomycin,  and  amphotericin; 
GibcoBRL,  Grand  Island,  NY),  and  5  mg/L  insulin.  To  maintain  expression  and  selection  of  the 
ER  gene,  50  pM  ZnS04  and  40  pM  CdS04  were  also  included  in  the  medium. 

Cell  fractionation 

For  the  preparation  of  whole  cell  and  nuclear  extracts,  subconfluent  cells  were  released  from  tissue 
culture  vessels  with  a  non-enzymatic  cell  dissociation  solution  (Sigma,  St.  Louis,  MO).  The 
releasing  action  was  inactivated  by  the  addition  of  serum-containing  media.  Cells  were  pelleted 
gently  at  800  x  g  for  5  minutes  and  washed  three  times  with  PBS.  To  prepare  whole  cell  extracts, 
the  cell  pellet  was  resuspended  in  4  volumes  of  ice  cold  extraction  buffer  (50  mM  Tris,  pH  7.9, 2 
mM  DTT,  400  mM  NaCl  (high  salt  buffer),  5  pg/ml  aprotinin,  10  pg/ml  leupeptin,  and  0.2  mM 
PEFABLOC).  Cells  were  lysed  in  an  ice  bath  with  a  dounce  (type  B  pestle)  homogenizer,  pelleted 
at  4  C  by  centrifugation  at  10,000  x  g,  and  the  supernatant  was  frozen  in  aliquots  and  stored  at  -80 
C.  ER  content  was  determined  by  the  controlled-pore  glass  bead  (CPG)  assay  as  previously 
described  [16,  37,  38]  following  treatment  of  the  extract  with  excess  [6,7-3H]estradiol  (Amersham 
Life  Sciences,  Arlington  Heights,  IL). 

To  obtain  nuclear  ER,  pelleted  CHO-ER  cells  were  resuspended  in  10  volumes  of  PBS  containing 
10%  glycerol  and  60  nM  [6,7-3H]estradiol  and  incubated  for  30  minutes  at  room  temperature  with 
rocking.  Cells  were  pelleted  and  the  procedure  was  repeated.  The  final  cell  pellet  was  resuspended 
in  four  volumes  of  50  mM  Tris,  pH  7.9,  2  mM  DTT  (salt-free  buffer)  that  contained  a  protease 
inhibitor  cocktail.  The  cells  were  then  lysed  in  an  ice  bath  by  dounce  homogenization  and  the 
mixture  was  centrifuged  for  30  minutes  at  10,000  x  g  at  4  C.  The  crude  nuclear  pellet  was 
resuspended  in  salt-free  buffer  and  centrifuged  again  to  remove  residual  cytosolic  proteins.  To 
extract  the  retained  [6,7-3H]estradiol-ER  complex,  the  crude  nuclear  pellet  was  resuspended  in 
four  times  the  original  packed  cell  volume  of  50  mM  Tris,  pH  7.9,  2  mM  DTT,  400  mM  NaCl 
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(high  salt  buffer)  containing  protease  inhibitor  cocktail  and  incubated  for  60  minutes  on  ice  with 
occasional  dounce  homogenization.  The  homogenate  was  centrifuged  as  before  and  the 
supernatant  was  collected  as  the  nuclear  fraction,  which  was  further  clarified  by  centrifugation  for 
30  minutes  at  50,000  x  g  and  stored  at  -80  C.  The  [6,7-3H]estradiol-ER  content  in  the  nuclear 
fraction  was  determined  by  direct  liquid  scintillation  counting  and  by  specific  adsorption  to 
controlled  pore  glass  beads  (CPG)  as  described  above. 

Purification  of  hER  from  CHO-ER  extracts 

Estradiol-Sepharose  Chromatography  (ESeph  and  EATP).  To  obtain  ESeph-purified  proteins,  2.5 
ml  of  CHO-ER  whole  cell  extract,  adjusted  to  contain  0.7  M  NaCl  and  1  M  urea,  was  applied  to  a 
200  }xl  estradiol-Sepharose  column  and  incubated  batchwise  for  1  hour  at  4  C,  as  described 
previously[16].  The  column  was  washed  with  20  bed  volumes  each  of  loading  buffer  (20  mM 
Tris,  pH  7.4,  1  mM  EDTA,  1  mM  DTT,  700  mM  NaCl,  1  M  urea),  and  the  same  buffer  with  400 
mM  NaCl  and  3  M  urea.  Bound  ER  was  eluted  with  2  x  lO'^  M  [6,7-3H]estradiol  in  a  buffer  that 
contained  20  mM  Tris,  pH  7.4,  1  mM  EDTA,  1  mM  DTT,  200  mM  NaCl,  and  5  M  urea.  The 
yield  of  ER  was  determined  by  specific  adsorption  to  controlled-pore  glass  beads.  To  obtain 
EATP-purified  proteins,  CHO-ER  whole  cell  extract  was  treated  with  ATP  prior  to  purification  of 
hER  by  E-Seph  chromatography,  which  significantly  reduced  the  amount  of  associated  hsp70, 
consistent  with  the  reported  behavior  of  hsp70  proteins  [39]. 

DNA-affinity  Chromatography  (BERE).  To  obtain  BERE-purified  proteins,  2.5  ml  of  CHO-ER 
whole  cell  extract  was  labeled  with  excess  [6,7-3H]estradiol  for  1  hour  at  4  C  and  then  dialyzed 
against  a  buffer  containing  20  mM  Tris,  pH  7.4,  1  mM  EDTA,  1  mM  DTT,  100  mM  NaCl,  1  M 
urea.  ER  content  in  the  extract  was  determined  by  CPG  assay[16].  Excess  biotinylated  ERE  was 
added  to  the  extract  at  a  ratio  of  5  pmol  of  ERE  to  1  pmol  of  ER  along  with  50  mg  poly(dIdQ  and 
10  mg  of  the  progesterone  response  element  (PRE)  (TGACTTGGTTTGGTACAAAATGTT 
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CTGATCTG)  from  the  MMTV  long  terminal  repeat  as  carrier  DNA.  This  mixture  was  incubated 
for  20  minutes  at  22  C,  followed  by  an  additional  incubation  for  40  minutes  at  4  C,  and  applied  to 
a  200  ml  UltraAvidin-agarose  column  and  incubated  batchwise  for  1  hour  at  4  C.  The  column  was 
washed  with  20  bed  volumes  of  loading  buffer  (20  mM  Tris,  pH  7.4,  1  mM  EDTA,  1  mM  DTT, 
100  mM  NaCl,  1  M  urea).  Bound  ER  was  eluted  in  a  buffer  containing  20  mM  Tris,  1  mM 
EDTA,  1  mM  DTT,  1  M  NaCl,  1  M  urea  and  quantitated  by  CPG  assay  as  well  as  by  direct 
counting  in  scintillation  cocktail.  When  CHO-ER  nuclear  extracts  were  used,  the  procedure  was 
the  same  as  described  except  that  incubation  with  [6,7-3H]estradiol  was  not  necessary  since  the 
cells  were  pre-labeled  with  [6,7-3H]estradiol  in  culture. 

Labeling  of  oligonucleotides  for  Hlter  binding  assays 

Oligonucleotides  (10  pmol)  were  end-labeled  with  [y-^^Pl-ATP  as  previously  described  [16]. 
Crude  radiolabeled  oligonucleotides  were  purified  by  electrophoresis  on  9%  polyacrylamide-bis 
(29:1)  gels  containing  0.045  M  Tris-borate,  0.001  M  EDTA,  pH  8.0  (0.5X  TBE).  The  desired 
double-stranded  oligonucleotides  were  located  by  autoradiography,  extracted  from  excised  gel 
slices,  precipitated  from  ethanol  in  the  presence  of  10  p,g  of  tRNA  (Sigma,  St.  Louis,  MO)  carrier, 
and  pelleted  by  centrifugation.  The  resulting  pellets  were  washed  with  70%  ethanol,  dried,  and 
resuspended  in  10  mM  Tris,  pH  8.0,  1.0  mM  EDTA  [16].  The  specific  activity  of  each  labeled 
oligonucleotide  was  determined  prior  to  purification  by  thin  layer  chromatography  on 
polyethyleneimine-impregnated  cellulose  developed  in  0.5  M  KH2PO4,  pH  3.4.  The 
oligonucleotide  remains  at  the  origin,  whereas  ATP  and  inorganic  phosphate  migrate  in  the 
direction  of  the  solvent  front. 

Nitrocellulose  Hlter  binding  assay 
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In  a  96-well  microtiter  plate,  30-pl  reaction  mixtures  containing  1  pg  poly(dldC),  30  |ig  BSA,  20 
mM  Tris,  pH  7.9,  i  mM  DTT  and  0. 1  M  NaCl  were  prepared.  30  fmol  of  ER  were  delivered  from 
either  a  crude  extract  or  a  partially  purified  ER  fraction  and  the  plate  was  incubated  on  ice  for  5 
minutes.  Specific  competitor,  when  used,  was  added  at  this  stage  at  the  desired  molar  excess.  The 
plate  was  then  centriguged  briefly  in  a  refrigerated  table  top  centrifuge  at  800  rpm  to  bring  all  liquid 
to  the  bottom  of  the  well.  While  on  ice,  120  fmol  of  32p. labeled  gRg  (37-mer; 
(AGCTTGTCCAAAGTCAGGTCACAGTGACCTGATCAAA)  derived  from  the  vitellogenin 
A2  gene  was  added  to  the  side  of  each  well.  The  plate  was  again  spun  briefly  to  mix  the  probe 
with  the  reaction  mixture.  The  reaction  mixture  was  then  incubated  for  30  minutes  at  room 
temperature.  A  96-well  nitrocellulose  multiscreen  plate  was  prepared  in  a  vacuum  manifold  (both 
from  Millipore,  Bedford,  MA)  by  prewetting  each  well  with  20  mM  Tris,  pH  7.9,  1  mM  DTT,  0.1 
M  NaCl  (washing  buffer).  100  |il  of  washing  buffer  was  left  in  each  well  for  sample  dispersion. 
Following  the  30-minute  incubation,  samples  were  transferred  from  the  microtiter  plate  using  a 
multichannel  pipetman  into  the  appropriate  wells  of  the  multiscreen  plate.  Once  all  samples  were 
transferred,  vacuum  was  applied  to  the  manifold.  All  wells  were  then  washed  three  times  with  200 
pi  of  washing  buffer  containing  0.01%  NP-40.  Once  washing  was  complete,  the  vacuum  was 
increased  to  dry  the  membranes.  When  dry,  the  multiscreen  plate  was  removed  from  the  manifold 
and  40  pi  of  scintillation  fluor  was  added  to  each  well.  The  plates  were  counted  in  a  Packard  Top 
Count  microtiter  plate  scintillation  counter. 

Preparation  of  DNA  fragments  for  electrophoretic  assays 

The  circular  permutation  vector,  ERE  Bend  I  [40],  was  digested  with  Eco  RI,  Hind  HI,  Eco  RV, 
Nhe  I,  or  Bam  HI  to  produce  427  bp  fragments  containing  a  consensus  ERE  at  the  3'  end,  an 
intermediate  3'  position,  the  middle,  intermediate  5'  position,  or  at  the  5'  end  of  the  DNA 
fragment,  respectively.  ^^P-labeled  DNA  fragments  were  prepared  as  previously  described  [40], 
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All  427  basepair  DNA  fragments  contained  the  same  nucleotide  sequence.  The  only  difference  in 
the  fragments  was  the  placement  of  the  ERE. 

For  phasing  analysis,  the  phasing  vectors,  ERE26,  ERE28,  ERE30,  ERE32,  ERE34,  and  ERE36 
[34],  each  of  which  contained  a  consensus  ERE  separated  from  an  intrinsic  DNA  bend  by 
26,28,30,32,  34,  or  36  basepairs,  respectively,  were  digested  with  Eco  RI  and  Hind  HI.  The 
resulting  281-291  basepair  DNA  fragments  were  labeled  with  [y^^P]  ATP  as  described  [34]. 
DNA  bending  standards  [22]  were  digested  and  labeled  as  previously  described  [34]. 

Circular  permutation  and  phasing  analysis  electrophoretic  assays 

Gel  mobility  shift  assays  were  carried  out  with  BERE-  ESeph-,  and  EATP-purified  proteins.  250 
fmols  of  BERE-purified  proteins  or  100  fmols  of  ESeph-  or  EATP-purified  proteins  were 
incubated  with  1  |ig  poly  (dl-dC),  10%  glycerol,  8  mM  KCl,  15  mM  Tris,  pH  7.9,  0.2  mM 
EDTA,  ph  8.0,  and  4  mM  DTT  at  4  C  for  15  min.  The  reactions  were  then  incubated  at  room 
temperature  for  15  min  with  10,000  cpm  of  the  32p_iabeled  DNA  fragment.  Protein-DNA 
mixtures  were  fractionated  on  low  ionic  strength  acrylamide  gels  [41]  at  4  C  with  buffer 
recirculation.  For  supershift  experiments,  240  ng  of  the  ER-specific  monoclonal  antibody  H222 
was  included  in  the  binding  reaction  and  the  room  temperature  incubation  was  extended  to  20  min. 
For  competition  assays,  equimolar  amounts  of  specific  or  nonspecific  competitor  were  added  to  the 
initial  binding  reaction.  15.3  ng  of  a  30  bp  annealed  ohgo  containing  a  consensus  ERE  as  the 
specific  competitor.  A  54  bp  annealed  oligo  comprised  of  sequence  from  the  Xenopus  laevis 
vitellogenin  B 1  noncoding  sequence  was  used  as  the  nonspecific  competitor. 

Calculation  of  distortion  and  bending  angles 


11 


Landel  et  al. 


A  Molecular  Dynamics  phosphorimager  and  Image  Quant  software  (Molecular  Dynamics, 
Sunnyvale,  CA)  were  utilized  to  determine  the  migration  distance  of  each  ER-DNA  complex  and 
free  probe.  The  magnitude  of  the  distortion  angle  (a^,)  was  determined  by  comparing  the  relative 

mobility  of  each  ER-DNA  complex  with  the  relative  mobilities  of  DNA  bending  standards  [22]  as 
previously  described  [26,  40].  The  magnitude  of  a  directed  DNA  bending  angle  (ttg)  was 

determined  using  the  empirical  formula  of  Kerppola  and  Curran  [40, 42]: 

Aph/2 

tan(kag/2)  = _ 

tan(kac/2) 

where  ttg  is  the  ER-induced  distortion  angle,  etc  is  the  intrinsic  DNA  bend  angle,  Apjj  is  the 
phasing  amplitude,  and  k  is  a  coefficient  used  to  adjust  for  electrophoretic  conditions.  By 
comparing  the  relative  mobility  of  5  sets  of  DNA  bending  standards  with  the  known  bend  angles,  a 
value  of  k  =  0.991  was  determined  using  the  formula  =  cos(kaj)/2),  where  is  the 

relative  mobility  of  the  ER-DNA  complex  when  the  ERE  is  in  the  middle  of  the  DNA  fragment  and 
|ig  is  the  relative  mobility  of  the  ER-DNA  complex  when  the  ERE  is  at  the  end  of  the  DNA 

fragment  [22].  To  determine  if  there  were  statistical  differences  in  distortion  and  directed  bending 
angles,  determination  of  variance  was  followed  by  two-sample  r-tests  using  Microsoft  Excel. 

RESULTS 

Measurement  of  the  rate  of  ER-ERE  association 

We  first  characterized  the  ER-ERE  interaction  using  a  nitrocellulose  filter  binding  assay.  The  filter 
binding  assay  is  a  simple  method  of  quantitating  DNA  bound  to  protein  and  is  based  on  the  ability 
of  nitrocellulose  to  bind  proteins  but  not  double-stranded  DNA.  Free  DNA  will  pass  through  the 
nitrocellulose  filter  while  protein  and  any  interacting  DNA  is  retained.  The  use  of  radioactively 


12 


Landel  et  al. 


labeled  DNA  allows  one  to  quantitate  the  association  and  dissociation  rates  of  the  differentially 
purified  ER  preparations  and  to  examine  the  specificity  of  the  ER-ERE  interaction.  ER  and 
various  associated  proteins  were  purified  from  high  salt  extracts  of  CHO-ER  cells  by  specific 
adsorption  of  ER  to  Sepharose-bound  estradiol  (ESeph,  EATP)  or  biotinylated  vitellogenin  A2 
ERE  (BERE),  as  described  previously  [16, 43]  and  suimnarized  in  Table  1.  The  association  rate 
of  the  vitellogenin  A2  ERE  with  each  ER  mixture  was  measured  by  analyzing  the  DNA  binding 
reaction  at  time  points  from  0-60  minutes  following  the  addition  of  [^^PjERE  (Fig  1).  As 
observed  previously,  the  amount  of  ER-DNA  complex  formed  in  the  presence  of  excess  unlabeled 
ERE  was  significantly  greater  for  the  BERE-purified  proteins  (hsp70/hER/PDI/p48/p45)  than  for 
either  the  ESeph-  (hsp70/hER/PDI)  or  EATP-  (hER/PDI)  purified  proteins.  In  addition,  it 
appeared  that  under  these  experimental  conditions,  maximal  ER-ERE  binding  occured  by  10 
minutes  for  all  mixtures.  Although  the  initial  rates  of  association,  reflected  by  the  slopes  of  the 
curves  prior  to  saturation,  appeared  to  differ  for  each  ER  mixture,  the  large  differences  in  the 
height  of  each  curve  (total  binding)  made  a  visual  comparison  difficult.  Reduction  of  the 
incubation  temperature  to  4  C  did  not  alter  the  profiles  significantly  (data  not  shown).  Therefore 
Scatchard  analyses  as  well  as  analyses  of  the  rates  of  dissociation  of  each  ER-ERE  complex  were 
performed  to  clarify  this  issue. 

Measurement  of  the  rate  of  ER-ERE  dissociation 

A  variation  of  the  filter  binding  assay  was  used  to  measure  the  rate  of  ER-ERE  dissociation.  These 
experiments  were  performed  by  incubating  CHO-ER  nuclear  extract  or  the  BERE-,  ESeph-  or 
EATP-  purified  proteins  with  After  the  reactions  had  reached  equilibrium  (30  minutes), 

they  were  diluted  ten-fold  to  quench  the  forward  reaction.  Subsequent  to  dilution,  an  aliquot  of 
each  reaction  was  removed  and  spotted  onto  nitrocellulose  as  the  initial  time  point.  Either  TE 
control,  ERE,  mtERE  (2  bp  inversion  in  the  second  half  of  the  palindrome: 
-AGGTCAcagTGCACT-),  or  nonspecific  PRE  was  then  added  to  the  reaction  mixtures  and  time 
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points  were  collected  for  60  minutes.  As  shown  in  Fig.  2,  no  dissociation  of  ER  from  [32p]ERE 
was  observed  in  the  absence  (TE)  or  presence  of  PRE,  whereas  both  mtERE  and  ERE  were  able  to 
displace  [32p]ERE  when  present  at  a  200-fold  molar  excess.  Notably,  the  dissociation  rate  profiles 
among  the  four  ER  mixtures  were  not  significantly  different  within  each  competitor  series  (Fig. 
2).  Therefore,  the  ER-associated  proteins  do  not  appear  to  exert  their  influence  on  the  rate  of  ER- 
ERE  dissociation. 

Partially  purified  ER  protein  complexes  exhibit  different  binding  capacities  for 
the  vitellogenin  A2  ERE 

To  independently  assess  any  differences  in  the  capacities  of  ER/ERE  interactions,  equilibrium 
saturation  binding  studies  were  carried  out  with  the  BERE-,  ESeph-  and  EATP-purified  proteins. 
The  experiments  were  performed  by  incubating  fixed  amounts  (30  ftnol)  of  the  BERE-,  ESeph- 
and  EATP-purified  ER  complexes  with  increasing  amounts  of  [32p]ERE.  The  equilibrium  binding 
constants  were  then  determined  by  Scatchard  analysis  for  each  partially  purified  ER-containing 
fraction.  As  expected  from  the  association  and  dissociation  rate  data,  no  significant  differences  in 
equilbrium  dissociation  constants  (IQ  =  3-5  x  lO"^  M)  were  observed  among  these  complexes. 
Only  the  absolute  ER-ERE  binding  capacities  (Bmax)  were  different,  as  shown  in  Fig.  3. 

Effect  of  associated  proteins  on  the  ER-ERE  interaction  in  the  presence  of 
competitor  DNA 

The  filter  binding  assay  was  also  used  to  examine  the  specificity  of  the  interaction  between  the  ER 
complexes  and  the  ERE.  These  experiments  were  performed  by  incubating  ER  complexes  with 
[32p]ERE  in  the  presence  of  three  doses  of  either  ERE,  mtERE,  or  PRE  competitor.  For  each 
competitor,  the  binding  profiles  for  the  BERE-,  ESeph-  and  EATP-purified  ER  complexes,  as  well 
as  ER  in  nuclear  extracts,  appeared  to  be  virtually  identical  (Fig.  4),  although  a  difference 
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between  the  effectiveness  of  mtERE  and  ERE  was  readily  apparent.  From  these  data,  we  conclude 
that  the  specificity  of  the  ER-ERE  interaction  was  not  altered  by  the  associated  proteins.  This 
result  contrasts  with  previously  published  gel  shift  data  that  appeared  to  show  a  greater  sensitivity 
of  the  ESeph-  and  EATP-purified  proteins  to  competition  by  the  mtERE  than  the  BERE-purified 
proteins  [16].  However,  these  earlier  experiments  were  performed  under  somewhat  different 
binding  conditions  with  only  one  dose  (2(X)-fold  molar  excess)  of  competitor.  It  is  also  possible 
that  the  gel  shift  assay  is  more  stringent  than  the  filter  binding  assay  and  therefore  facilitates  the 
disruption  of  weaker  ER-ERE  complexes. 

ER  binds  specifically  to  ERE-containing  DNA  fragments  in  gel  mobility  shift 
assays. 

Although  the  filter  binding  assays  provided  detailed  information  about  the  kinetics  of  ER 
association  and  dissociation  with  the  ERE,  they  did  not  provide  information  about  the  composition 
of  the  ER-ERE  complex.  To  determine  if  the  different  ER-ERE  complexes  varied  in  composition, 
BERE-,  ESeph-,  or  EATP-purified  proteins  were  incubated  with  427  bp  ^^p-jabeled  DNA 
fragments  containing  a  consensus  ERE.  When  the  protein-DNA  mixtures  were  fractionated  on  a 
low  ionic  strength,  nondenaturing  acrylamide  gel,  five  ER-DNA  complexes  (l,2,3a,3b,  and  4) 
were  observed  in  the  BERE-purified  proteins  and  two  ER-DNA  complexes  were  observed  (1  and 
2)  with  the  ESeph-  and  EATP-purified  proteins  (Fig.  5).  Although  complexes  3a  and  3b  were 
sometimes  present  in  both  the  ESeph  and  EATP  purified  extracts,  these  complexes  were 
consistently  far  less  prominent  than  complexes  1  and  2.  Antibody  supershift  experiments  were 
performed  to  determine  if  the  protein-DNA  complexes  observed  contained  ER.  When  the  ER- 
specific  monoclonal  antibody  H222  was  included  in  the  binding  reactions,  the  protein-DNA 
complexes  were  supershifted,  indicating  that  ER-specific  binding  was  occurring  (Fig.  5). 
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Competition  experiments  were  also  carried  out  to  determine  if  binding  of  the  ER  to  the  ERE- 
containing  DNA  fragments  was  specific.  An  oligo  containing  either  the  consensus  ERE  or  a 
nonspecific  DNA  sequence  was  included  in  binding  reactions.  Although  the  ERE-containing  oligo 
competed  with  the  P-labeled  probe  for  ER  binding  (Figure  5,  Panel  B),  the  oligo  containing 
a  nonspecific  DNA  sequence  failed  to  compete  (Fig.  5,  Panel  B,  NS  lanes).  These  data 
indicated  that  the  13  bp  ERE  present  in  the  large  P-labeled  DNA  fragment  was  responsible  for 
the  ER-DNA  complexes  observed. 

ER-induced  distortion  of  ERE-containing  fragments  is  influenced  by  additional 
proteins 

We  have  previously  demonstrated  that  human  ER  from  transfected  COS  cell  nuclear  extracts, 
MCF-7  whole  cell  extracts,  and  partially  purified  yeast  extracts  induces  56'‘-65°  distortion  angles 
in  ERE-  containing  DNA  fragments  [34, 40, 44].  By  using  the  more  highly  purified  ER  present  in 
BERE-,  ESeph-  and  EATP-purified  mixtures,  we  were  able  to  determine  if  the  associated  proteins 
(hsp70,  PDI,  p45  and  p48)  altered  ER-induced  distortion  of  DNA.  Each  DNA  fragment  used  in 
these  circular  permutation  assays  contained  a  single  consensus  ERE  located  at  various  positions 
within  the  427  bp  fragment.  Earlier  studies  demonstrated  that  a  DNA  fragment  with  a  bend  in  the 
middle  migrates  more  slowly  on  an  acrylamide  gel  than  a  DNA  fragment  with  a  bend  at  the  end 
[22].  Thus,  by  observing  the  migration  of  ER-DNA  complexes  formed  with  DNA  fragments 
containing  an  ERE  at  the  end  or  in  the  middle  of  the  DNA  fragment,  it  is  possible  to  detect  and 
quantitate  the  magnitude  of  the  distortion  induced  by  ER  binding  to  ERE-containing  DNA 
fragments.  BERE-,  ESeph-,  and  EATP-purified  protems  were  incubated  with  P-labeled  DNA 
fragments  containing  an  ERE  at  the  end,  at  an  intermediate  position,  or  in  the  middle  of  the 
fragment.  When  the  ERE  was  at  the  3'  or  5'  end  of  the  DNA  fragment ,  the  migration  of  the  ER- 
DNA  complex  was  more  rapid  (Fig.6,  RI  and  B  respectively)  than  when  the  ERE  was  at  an 
intermediate  3'  or  5'  position  (H  and  N  respectively).  The  ER-DNA  complex  with  the  slowest 
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migration  was  formed  with  the  DNA  fragments  containing  an  ERE  in  the  middle  (RV).  This 
differential  migration  of  the  ER-DNA  complexes  indicates  that  ER  binding  caused  distortion  in  the 
DNA  fragments.  The  magnitude  of  the  distortion  was  calculated  by  comparing  the  relative  mobility 
of  the  ER-DNA  complex  with  the  migration  DNA  bending  standards  [22].  The  results  of  several 
combined  experiments  are  shown  in  Table  2.  ER-purified  proteins  induced  distortion  angles  of 
62°  and  66°  in  complexes  1  and  2,  respectively.  These  two  smaller  ER-DNA  complexes  were 
observed  with  all  three  of  the  ER  mixtures  tested.  Three  higher  order  complexes  were  observed  in 
the  BERE-purified  mixtures,  which  contain  p48  and  p45  in  addition  to  the  hsp70,  ER,  and  PDI 
(p55).  Complexes  3a  and  3b,  which  were  always  observed  with  the  BERE-purified  proteins, 
occasionally  with  the  ESeph-purified  proteins,  but  rarely  with  the  EATP-purified  proteins, 
displayed  distortion  angles  of  75°  and  93°  respectively.  The  largest  distortion  angle  of  97°  was 
observed  only  with  the  BERE-purified  proteins  (Complex  4).  No  differences  in  the  center  of  the 
bend  were  detected  with  any  of  the  ER  preparations. 

ER-associated  proteins  influence  the  magnitude,  but  not  the  direction  of  an  ER- 
induced  DNA  bend 

Phasing  analysis  was  carried  out  to  determine  the  direction  of  the  DNA  bends  induced  by  ER  in  the 
BERE-,  ESeph-,  and  EATP-purified  mixtures.  This  method  uses  DNA  fragments  that  have  an 
intrinsic  DNA  bend  separated  from  a  single  consensus  ERE  by  26,  28,  30,  32,  34,  or  36 
nucleotides.  The  spacing  between  the  intrinsic  and  ER-induced  DNA  bends  is  incrementally 
varied  over  one  turn  of  the  DNA  helix  so  that  there  will  be  a  point  at  which  the  two  bends  are  out 
of  phase  and  will  have  the  effect  of  straightening  the  DNA  fragment  and  a  point  at  which  the  two 
bends  will  be  in  phase  and  form  a  larger  overall  bend.  When  the  intrinsic  and  ER-induced  DNA 
bends  are  in  phase,  the  ER-DNA  complex  will  be  inhibited  in  its  migration  and  when  the  DNA 
bends  are  out  of  phase,  the  ER-DNA  complex  will  migrate  more  rapidly  through  an  acrylamide 
matrix.  By  observing  the  migration  of  the  DNA  fragments  containing  an  ERE  separated  from  an 
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intrinsic  DNA  bend  by  various  increments,  we  can  determine  the  direction  of  an  ER-induced  DNA 
bend. 

32 

P-labeled  DNA  fragments  containing  an  ERE  and  an  intrinsic  DNA  bend  separated  by  26-36 
basepairs  were  incubated  with  BERE-,  ESeph-,  and  EATP-purified  proteins  and  then  separated 
on  a  nondenaturing  acrylamide  gel.  With  all  three  of  the  ER  mixtures,  the  DNA  fragments  that 
contained  32  basepairs  between  the  ERE  and  the  intrinsic  DNA  bend  migrated  most  rapidly 
through  the  acrylamide  gel  (Fig.  7).  This  32  basepair  separation  places  the  ERE  and  the  intrinsic 
DNA  bend  on  the  same  side  of  the  DNA  helix  and  indicates  that  the  bends  are  out  of  phase. 
Because  the  intrinsic  DNA  bend  is  toward  the  minor  groove  of  the  DNA  helix,  the  ER-induced 
DNA  bend  must  be  directed  toward  the  major  groove  of  the  DNA  helix.  These  findings  are 
consistent  with  previous  phasing  analysis  experiments  carried  out  with  MCF-7  and  COS 
expressed  ER  [34,  35]. 

Phasing  analysis  can  also  be  used  to  determine  the  degree  of  directed  DNA  bending  associated  with 
ER  binding  to  ERE-containing  DNA  fragments.  Data  from  several  phasing  analysis  experiments 
were  combined  and  utilized  to  determine  the  degree  of  directed  ER-induced  DNA  bending,  as 
previously  described[35].  All  ER  preparations  contained  complexes  1  and  2,  which  induced 
directed  DNA  bending  angles  of  5°  to  7°.  The  BERE-purified  proteins  induced  formation  of 
complexes  3a,  3b,  and  4,  which  represented  directed  DNA  bends  of  7°,  12°,  and  16°. 

DISCUSSION 

We  have  used  two  complementary  methods  to  examine  the  interaction  of  BERE-,  ESeph-  and 
EATP-purified  ER  complexes  with  the  vitellogenin  A2  ERE  [45, 46].  Both  filter  binding  (Figs  1- 
3)  and  electrophoretic  mobility  shift  assays  (Fig.  5-7)  indicate  that  BERE-purified  ER,  with  its 
four  associated  proteins  (hsp70,  PDI,  p48,  p45),  has  a  greater  capacity  for  interaction  with  the 
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vitellogenin  A2  ERE  than  either  ESeph-  or  EATP-purified  ER,  in  which  p48,  p45  (ESeph)  and 
hsp70  (EATP)  are  missing  (Table  1).  These  findings  are  consistent  with  previously  published 
gel  shift  experiments  [16].  Filter  binding  analyses  were  performed  to  determine  whether  this 
differential  binding  was  related  to  the  association  (Fig.  1)  or  dissociation  (Fig.  2)  rate  of  the 
ER-DNA  complex  or  whether  the  absolute  capacity  of  the  ER  and  its  associated  proteins  to  bind  to 
the  ERE  differed  (Fig.  3).  Analysis  of  the  rates  of  association  and  dissociation  for  all  three  ER 
mixtures  revealed  no  significant  difference  in  these  parameters,  suggesting  that  the  enhanced 
formation  of  the  ER-DNA  complex  with  BERE-purified  proteins  reflected  the  overall  ability  of  ER 
and  its  associated  proteins  to  bind  to  the  ERE.  Scatchard  analysis  demonstrated  that  the 
equilibrium  ER-ERE  dissociation  constants  (Kd  =  3-5  x  10“^  M)  for  BERE-  ESeph-  or  EATP- 
purified  proteins  were  not  significantly  different  (Fig.  3).  Furthermore,  the  Scatchard  analysis 
clearly  identified  an  enhanced  capacity  of  the  BERE-purified  ER  mixture  to  interact  with  an  ERE 
when  compared  to  the  ESeph-  and  EATP-purified  proteins.  These  data  suggest  that  one  or  more 
receptor-associated  proteins  may  facilitate  the  conversion  of  ER  from  an  inactive  state  (unable  to 
bind  ERE)  to  an  active  state  (able  to  bind  to  the  ERE),  or  perhaps  stabilize  the  active  state, 
independent  from  ligand  binding  activity. 

The  decreased  binding  of  more  highly  purified  receptors  to  their  cognate  recognition  sequences  has 
been  reported  by  others  [10,  13].  We  have  observed  an  inverse  relationship  between  the  number 
of  ER-associated  proteins  present  in  the  ER  preparation  and  the  ability  of  the  receptor  to  interact 
with  ERE.  The  most  highly  purified  ER  preparation,  which  contains  only  ER  and  PDI  (EATP; 
Table  1),  was  the  least  able  to  form  stable  ER-DNA  complexes.  The  presence  of  hsp  70  (ESeph- 
purified  proteins)  increased  ER-DNA  complex  formation.  BERE-purified  ER,  which  contains 
four  detectable  associated  proteins  (Table  1),  afforded  the  most  ER-DNA  complex  in  the 
presence  of  excess  ERE.  Thus,  similar  to  the  DNA-binding  stimulatory  factor  described  by 
Mukheijee  [13],  ER-associated  proteins,  and  especially  p45  and  p48,  may  promote  absolute  ER 
DNA-binding  activity.  Although  we  cannot  rule  out  the  possibility  that  denaturation  contributes  to 
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the  decreased  ER  activity  of  highly  purified  ER,  our  data  strongly  suggest  that  one  or  more  of  the 
proteins  we  have  isolated  contributes  directly  to  the  formation  of  ER  complexes  with  enhanced 
affinity  for  ERE  and  increased  bending.  Our  own  previously  published  reconstitution  experiments 
have  confirmed  that  addition  of  p48/p45  and  hsp70  to  the  EATP-purified  ER  can  enhance  the  ER- 
ERE  interaction  [16].  Significantly,  this  process  could  not  be  mimicked  by  the  addition  of  other 
proteins  (e.g.  albumin,  insulin).  As  shown  here  and  discussed  below,  these  proteins  appear  to 
participate  in  the  formation  of  higher  order  ER  complexes  with  improved  ERE  binding  and  bending 
abilities,  suggesting  that  these  proteins  do  not  simply  renature  defective  ER  molecules. 

Although  the  DNA  fragments  used  in  circular  permutation  and  phasing  analysis  experiments  were 
different,  the  ER-DNA  complexes  observed  were  quite  similar  for  both  assays.  While  all  three  of 
the  ER  preparations  (Table  1)  formed  complexes  1  and  2,  only  the  BERE-purified  proteins 
consistently  formed  complexes  3a  and  3b,  and  only  BERE-purified  proteins  formed  complex  4 
(Figs.  5-7).  Thus,  p45  and  p48,  which  are  present  in  the  BERE  preparations,  but  not  in  the 
ESeph  or  EATP  preparations,  may  be  instrumental  in  the  consistent  formation  of  complexes  3a  and 
3b  and  are  absolutely  required  for  the  formation  of  complex  4.  Complexes  3a  and  3b  are 
sometimes  present  in  small  amounts  with  ESeph-purified  proteins,  but  are  rarely  observed  with 
EATP-purified  proteins.  These  findings  suggest  that  hsp70,  which  is  present  in  the  ESeph 
preparation,  but  not  in  the  EATP  preparation,  may  be  involved  in  the  formation  of  complexes  3a 
and  3b,  but  that  p45  and  p48  are  required  to  maintain  these  two  higher  order  complexes.  We  have 
also  observed  higher  order  ER-ERE  complexes  with  MCF-7  whole  cell,  nuclear,  and  cytosolic 
extracts  [34],  indicating  that  similar  complexes  can  form  in  vivo.  Thus,  both  circular  permutation 
and  phasing  analysis  experiments  indicate  that  the  observed  multiplicity  of  ER-DNA  complexes 
reflects  the  population  of  associated  proteins  present  in  the  different  ER  preparations.  ER  and  PDI 
are  involved  in  formation  of  complexes  1  and  2.  Although  hsp  70  may  be  involved  in  forming 
Complex  3a  and  3b,  maintenance  of  complexes  3a,  3b,  and  4  requires  the  presence  of  p45  and 
p48.  Interestingly,  complexes  1  and  2  have  the  same  mobility  as  two  ER-DNA  complexes 
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formed  with  yeast-expressed  ER,  which  was  purified  on  an  estradiol-sepharose  column  [44], 
suggesting  that  the  ER  may  associate  with  similar  proteins  even  though  the  cellular  context  is 
distinctly  different.  The  number  of  ER-DNA  complexes  described  here  differs  from  an  earlier 
study  that  used  the  same  ER  preparations,  but  a  much  smaller  DNA  probe,  different  gels  and 
buffers,  and  different  receptor; probe  ratios  [16].  However,  the  ability  of  the  BERE-purified 
proteins  to  more  readily  form  higher  order  complexes  was  observed  in  both  studies. 

Electrophoretic  assays  have  been  used  to  examine  various  characteristics  of  DNA  structure. 
Circular  permutation  is  typically  used  to  detect  regions  of  undirected,  increased  flexibility  in  DNA 
structure  and  phasing  analysis  is  used  to  detect  bends  with  a  fixed  spatial  orientation  [21].  We 
have  used  circular  permutation  analysis  to  determine  whether  ER-associated  proteins  might  alter 
the  magnitude  of  distortion  induced  by  the  binding  of  ER  to  ERE-containing  DNA  fragments. 
Complexes  1  and  2  induced  distortion  angles  of  62°  and  66°,  respectively,  in  ERE-containing 
DNA  fragments  with  all  of  the  ER  preparations  utilized.  These  finding  are  in  agreement  with  our 
previous  determinations  of  the  distortion  angle  induced  by  human  ER  isolated  from  yeast,  MCF-7, 
and  COS  cells  [34, 40, 44].  Complexes  3  a,  3b,  and  4,  which  were  most  prominent  when  BERE- 
purified  proteins  were  used,  induced  significantly  larger  distortion  angles  of  75°,  93°,  and  97°, 
respectively  (Table  2).  Thus,  receptor-associated  proteins  were  responsible  for  producing  new, 
higher  order  ER-DNA  complexes,  which  caused  greater  distortion  in  DNA  structure.  The  ER- 
associated  proteins  did  not,  however,  appear  to  alter  the  distortion  angles  of  complexes  1  and  2. 

Phasing  analysis  was  utilized  to  examine  the  ability  of  ER-associated  proteins  to  affect  the 
magnitude  and  the  direction  of  the  ER-induced  DNA  bending.  As  seen  with  the  circular 
permutation  experiments,  the  formation  of  higher  order  ER-DNA  complexes  caused  an  increase  in 
the  magnitude  of  the  directed  DNA  bend  (Table  2).  However,  the  direction  of  the  ER-induced 
DNA  bend,  which  was  toward  the  major  groove  of  the  DNA  helix,  was  unaltered  by  the  presence 
of  the  ER-associated  proteins.  Thus,  both  circular  permutation  and  phasing  analysis  experiments 
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support  the  idea  that  ER  and  its  associated  proteins  promote  the  formation  of  higher  order 
complexes  (3a,  3b,  and  4)  that  induce  greater  distortion  and  directed  bending  angles  in  ERE- 
containing  DNA  fragments.  The  ER-induced  DNA  bend  was  directed  toward  the  major  groove  of 
the  DNA  helix.  This  is  the  same  orientation  as  ROR-,  RXR-,  and  PR-induced  bends  [23,  24, 47]. 
The  observation  that  all  nuclear  receptor  superfamily  members  examined  to  date  induce  DNA  bends 
toward  the  major  groove  of  the  DNA  helix  may  result  from  the  homologous  structure  of  these 
proteins. 

The  relationship  between  alterations  in  DNA  structure  and  transcription  activation  is  unclear. 
Because  such  a  large  number  of  transcription  factors,  including  nuclear  receptors,  induce  DNA  to 
bend,  it  has  been  hypothesized  that  distortion  or  bending  of  DNA  might  facilitate  the  interaction  of 
regulatory  proteins  with  members  of  the  basal  transcription  complex,  and  thus  be  required  for 
transcription  activation  [7,  23,  48].  ER-mediated  transactivation  probably  requires  a  large 
repertoire  of  proteins  to  maintain  function.  Association  of  ER  with  one  set  of  proteins  may 
maintain  the  receptor  in  a  quiescent  state.  The  change  in  ER  conformation  induced  by  hormone 
binding  may  dissociate  some  of  these  proteins  and  recruit  others.  Likewise,  interaction  of  ER  with 
DNA,  which  induces  conformational  changes  in  the  dimerization  interface  of  the  DNA  binding 
domain  [49],  could  initiate  more  global  changes  in  ER  structure  and  modulate  receptor-protein 
associations.  Therefore,  we  propose  a  model  (Fig.  8)  in  which  the  unliganded  ER  is  associated 
with  PDI  and  hsp70,  as  well  as  hsp90,  hsp56  and  perhaps  other  as  yet  unidentified  factors. 
Following  ligand  binding,  hsp90  and  hsp56  dissociate,  while  hsp70  and  PDI  remain  associated 
with  the  "activated"  ER,  although  the  hsp70  interaction  is  perhaps  weakened[39].  The  “activated” 
ER  complex  then  recruits  or  stabilizes  the  binding  of  at  least  two  additional  proteins,  p45  and  p48, 
when  ER  binds  to  an  ERE,  resulting  in  an  increased  ability  of  ER  to  bind  ERE.  The  resulting 
change  in  DNA  structure  generated  by  the  binding  of  this  complex  is  likely  to  contribute  to 
effective  transcriptional  stimulation.  In  this  model,  the  ER  that  does  not  interact  with  the  ERE 
dissociates  from  hsp70,  thereby  rendering  it  inactive.  Additional  proteins  identified  by  other 
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laboratories  (e.g.  IFllB,  pl40,  CBP/p300,  SRC-1)  may  participate  in  one  or  more  of  these  steps 
as  well  [4,  5,  7,  15].  Clearly,  a  better  understanding  of  the  role  of  p45  and/or  p48  in  ER  action 
will  require  the  separation  and  identification  of  these  two  proteins.  In  addition,  the  contribution  of 
DNA  bending  to  the  formation  and/or  stabilization  of  an  active  transcription  complex  will  ultimately 
be  determined  by  a  more  detailed  structural  analysis  of  a  functional  transcription  unit. 
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Source  of  ER* 

Proteins  Present 
(kDa)# 

Relative  DNA 
Binding 

NE 

total  nuclear  proteins 

+-I--I-+ 

BERE 

70,  66,  55,  48,  45 

-I-+++ 

ESeph 

70,  66,  55 

++ 

EATP 

66,  55 

+ 

Table  1.  Summary  and  properties  of  ER-associated  proteins  isolated  by  different 
chromatographic  techniques. 

*Methods  used  to  isolate  ER  from  CHO-ER  cells:  Nuclear  extract  (NE);  Site-specific  DNA- 
affinity  chromatography  (BERE);  Estradiol-Sepharose  affinity  chromatography  (ESeph);  Estradiol- 
Sepharose  affinity  chromatography  in  the  presence  of  ATP  (EATP). 

^he  identity  of  the  proteins  indicated  in  the  table  are:  70  =  hsp70;  66  =  ER;  55  =  PDI;  48  and 
45  are  unidentified.  Adapted  from  Landel,  Kushner  and  Greene  [43]. 
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Purified  ER 

Complex 

Distortion 

Angle 

Bend  Angle 

BERE 

1 

62  ±0.9  (5) 

6.7  ±0.1  (3) 

2 

66  ±0.6  (5) 

7.0  ±0.3  (3) 

3a 

75  ±  1.9  (5) 

6.5  ±0.2  (3) 

3b 

93  ±  1.6  (5) 

12.2  ±2.2  (3) 

4 

97  ±2.5  (5) 

15.7  ±2.3  (3) 

ESeph 

1 

62  ±0.9  (4) 

2 

65  ±0.4  (4) 

EATP 

1 

62  ±1.0  (5) 

5.4  ±0.6  (5) 

2 

64  ±0.5  (4) 

6.0  ±0.2  (5) 

Table  2.  ER-induced  distortion  and  bending  angles.  Distortion  angles  and  directed 
bending  angles  induced  by  ER  binding  to  ERE-containing  DNA  fragments  were  determined  by 
circular  permutation  and  phasing  analysis,  respectively.  Values  are  reported  as  the  mean  +  S.E. 
The  number  of  individual  determinations  is  indicated  in  parenthesis.  The  protein  composition  of 
each  purified  ER  mixture  is  listed  in  Table  1. 
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FIGURE  LEGENDS 

Figure  1.  Graph  of  the  ER-ERE  rate  of  association.  32p.iabeled  vitellogenin  A2  ERE 
(37-mer;  120  find;  -AGGTCAcagTGACCT-)  was  added  to  partially  purified  ER  complexes  (30 
finol)  and  incubated  at  25°  C  for  0-30  minutes.  At  the  indicated  time  points,  aliquots  of  the  reaction 
mixture  were  removed.  The  samples  were  immediately  applied  to  nitrocelluose  filters  and  washed 
thoroughly  to  stop  the  reacation.  The  time  course  was  performed  with  CHO-ER  nuclear  extract 
and  BERE-,  ESeph-,  and  EATP-purified  proteins. 

Figure  2.  Graph  of  the  ER-ERE  rate  of  dissociation.  Partially  purified  ER  complexes 
(30  fmol)  were  incubated  for  30  minutes  at  25°  C  with  [32p]ERE  (120  fmol)  to  allow  the  ER-ERE 
complexes  to  reach  equilibrium.  The  reaction  mixtures  were  then  diluted  10-fold  to  quench  the 
forward  reaction.  At  indicated  time  points  following  the  addition  of  either  TE  (control)  or  a  200- 
fold  molar  excess  of  ERE,  mtERE  (-AGGTCAcagTGCACT-)  or  PRE,  samples  were  applied  to 
nitrocellulose  filters  and  washed  thoroughly.  The  time  course  was  performed  with  CHO-ER 
nuclear  extract  and  BERE-,  ESeph-,  and  EATP-purified  proteins. 

Figure  3.  Scatchard  analysis  of  the  [^^PJERE  binding  affinity  and  capacity  of 
three  different  ER  complexes.  ER  complexes  (30  fmol)  were  incubated  for  30  minutes  at 
25°  C  with  five  different  concentrations  of  [32p]ERE  (30-500  fmol).  Each  reaction  was  then 
applied  directly  to  nitrocellulose  filters  and  washed  to  stop  the  reaction  and  remove  unbound 
[32p]ERE.  The  negative  reciprocal  of  the  slope  of  each  line  was  used  to  calculate  the  equilibrium 
dissociation  constant  (Kd).  The  analysis  was  performed  with  BERE-,  ESeph-,  and  EATP- 
purified  proteins. 

Figure  4.  Graph  to  assess  the  specificity  of  the  ER-ERE  interaction.  Partially 
purified  ER  complexes  (30  fmol)  were  incubated  for  30  minutes  at  25°  C  with  (12O 
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fmol)  in  the  presence  of  three  different  doses  of  either  ERE,  mtERE  or  PRE.  The  samples  were 
then  applied  to  nitrocellulose  filters  and  washed  thoroughly.  The  analysis  was  performed  with 
CHO-ER  nuclear  extract  and  BERE-,  ESeph-,  and  EATP-purified  proteins. 

Figure  5.  BERE-,  ESeph-,  or  EATP-purified  proteins  interact  specifically  with 
ERE-containing  DNA  fragments.  Nhe  I  cut  ^^P-labeled  DNA  fragments  were  incubated 
with  BERE-,  ESeph-,  or  EATP-purified  proteins  and  then  fractionated  on  a  nondenaturing  8% 
acrylamide  gel.  The  ER-specific  monoclonal  antibody  H222  was  included  in  the  binding  reaction 
as  indicated  (+H222).  Binding  reactions  contained  either  no  competitor  DNA  (-),  a  100-fold 
excess  of  unlabeled  ERE  (ERE),  or  a  100-fold  excess  of  unlabeled  nonspecific  DNA  fragment 
(NS).  ER-DNA  complexes  are  identified  by  numbers  at  the  left  of  each  figure. 

Figure  6.  Circular  permutation  analysis  demonstrates  that  ER-associated  proteins 
influence  ER-DNA  complex  formation  and  distortion  of  ERE-containing  DNA 
fragments.  BERE-,  ESeph-,  and  EATP-purified  proteins  were  incubated  with  427  basepair 
^^P-labeled  DNA  fragments  that  had  been  isolated  from  the  circular  permutation  vector  EREBend  I 
[26]  after  digestion  with  Eco  RI,  Hind  El,  Eco  RV,  Nhe  I,  or  Bam  HI  (RI,  H,  RV,  N,  and  B) 
and  end  labeling  with  [y^^PJATP.  The  protein-DNA  mixtures  were  fractionated  on  an  8% 
nondenaturing  polyacrylamide  gel.  The  gel  was  dried  and  radioactive  bands  were  visualized  by 
autoradiography.  ER-DNA  complexes  eire  identified  by  numbers  at  the  left  of  the  figure. 

Figure  7.  Phasing  analysis  demonstrates  that  BERE-,  ESeph-,  and  EATP- 
purified  proteins  induce  directed  hends  in  ER-containing  DNA  fragments.  BERE-, 
ESeph-,  and  EATP-purified  proteins  were  incubated  with  281-291  basepairs  ^^P-labeled  DNA 
fragments  containing  an  intrinsic  DNA  bend  separated  from  a  consensus  ERE  by  26,  28,  30,  32, 
34,  or  36  basepairs.  ER-DNA  mixtures  were  factionated  on  a  nondenaturing  acrylamide  gel.  The 
gel  was  dried  and  subjected  to  autoradiography.  ER-DNA  complexes  are  identified  by  numbers  at 
the  left  of  the  figure. 
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Figure  8.  Model  of  ER-associated  proteins.  This  model  is  based  on  our  current  results 
as  well  as  some  additional  data  reported  by  others  for  ER.  The  model  depicts  the  hormone 
dependent  dissociation  of  hsp90,  as  well  as  significant  conformational  changes  associated  with 
hormone  binding,  dimerization,  and  DNA  binding.  Further  dissociation  of  ER-associated  proteins 
can  occur  in  the  presence  of  estradiol,  namely  loss  of  hsp70.  However,  in  the  presence  of  an 
ERE,  both  PDI  and  hsp70  are  retained.  Significantly,  the  presence  of  p45  and  p48  appear  to  be 
necessary  for  high  capacity  ER-ERE  interaction.  The  contact  sites  between  ER  and  p45,  p48,  PDI 
and  hsp70  are  unknown,  as  are  the  true  stoichiometric  relationships  among  the  proteins  present  in 
the  complexes  depicted. 
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